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PERCENTAGE    OF    EXTRACTION    OF    BITUMINOUS    COAL 

WITH  SPECIAL  REFERENCE  TO  ILLINOIS 

CONDITIONS 


INTRODUCTION' 

1.  Preliminary  Statement. — The  purpose  of  the  discussion  pre- 
sented in  this  bulletin  is  to  record  the  results  now  being  obtained 
in  recovering  coal  in  the  mines  in  Illinois  and  in  other  bituminous 
coal  mining  districts  of  the  United  States.  A  brief  discussion  is  also 
presented  with  reference  to  recovery  in  the  principal  European  coun- 
tries. Where  the  methods  employed  are  now  producing  an  unusually 
good  percentage  of  extraction,  the  conditions  under  which  the  min- 
ing is  carried  on  are  described  in  considerable  detail  with  the  belief 
that  they  may  suggest  changes  in  practice  which  will  be  helpful  to 
those  who  are  now  endeavoring  to  recover  a  greater  percentage  of 
the  coal  in  the  ground. 

Most  of  the  data  presented  were  obtained  from  those  operating 
the  mines,  and  represent,  therefore,  calculations  or  estimates  based 
upon  thorough  familiarity  with  conditions.  Some  of  the  methods 
by  which  high  extraction  is  attained  in  other  districts  are  described 
with  the  hope  that  the  coal  producers  of  Illinois  may  find  herein 
suggestions  which  will  prove  helpful  in  their  efforts  to  attain  higher 
recoveiy. 

It  has  been  impossible  to  include  in  a  single  publication  all  the 
material  available  concerning  the  physical  conditions  encountered 
and  the  methods  adopted  in  the  various  coal  fields,  but  there  will 
l»o  found  in  the  bibliography  a  list  of  books  and  articles  in  which 
these  subjects  are  covered  in  greater  detail.  It  is  the  present  pur- 
pose to  begin  at  an  early  date  a  more  extended  investigation  of  the 
plans  and  dimensions  of  mine  workings  in  Illinois  with  reference 
to  the  cost  of  production  and  the  percentage  of  extraction. 

2.  Acknowledgments. — The  writer  wishes  to  acknowledge  his 
indebtedness  to  Professor  H.  H.  Stoek,  head  of  the  Department 
of  Mining  Engineering,  University  of  Illinois,  and  to  Mr.  F.  YV. 
DeWolf,  Director  of  the  Illinois  State  Geological  Survey,  and  also 
to  Mr.  G.  S.  Rice,  Chief  Mining  Engineer,  United  States  Bureau  of 
Mines,  under  whose  direction  the  work  of  the  Illinois  Coal  Mining 
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Investigations  is  being  carried  on.  Professor  Stoek  has  been  espe- 
cially helpful  in  the  collection  of  material  for  the  present  bulletin. 
Many  operators  and  engineers  throughout  the  country  have  contrib- 
uted statements  concerning  the  districts  with  which  they  are  familiar. 
The  state  mine  inspectors  have  assisted  in  the  work  by  suggesting 
mines  at  which  particularly  good  records  of  extraction  have  been 
made  and  also  mines  at  which  new  methods  are  being  tried  with  a 
view  of  increasing  the  percentage. 

3.  Summary. — The  facts  and  information  presented  in  this  bul- 
letin  include: 

(1)  A  general  statement  of  the  importance  of  the  problem 
of  increasing  the  percentage  of  extraction  of  the  coal  in  the  ground 
in  order  to  utilize  the  coal  resources  to  a  greater  extent  than  at 
present,  and,  if  possible,  to  decrease  the  cost  of  producing  coal ; 
also  an  account  of  previous  efforts  made  to  compile  data  upon  this 
subject. 

(2)  A  statement  with  reference  to  the  conditions  which  have 
influenced  the  development  of  American  coal  mining  methods  and 
which  must  be  considered  in  changing  these  methods  in  order  to 
obtain  more  nearly  complete  recovery. 

(3)  A  record  of  the  recovery  of  coal  in  Illinois  in  the  past, 
and  a  discussion  of  the  efforts  now  being  made  to  increase  the 
percentage  of  extraction. 

(4)  An  account  of  methods  adopted  in  other  states  and  in 
certain  European  countries  by  which  higher  percentages  of  extrac- 
tion are  being  obtained. 

(5)  A  brief  history  of  the  development  of  English  mining 
practice,  upon  which  American  practice  is  founded. 

(6)  A  short  bibliography  with  reference  to  the  subject  of 
coal  mining  methods. 

4.  Conclusions. — A  summary  of  conclusions  suggested  by  a  study 
of  the  data  and  information  contained  herein  is  presented  as  follows : 

(1)  In  general  in  America  probably  one  ton  of  coal  has  been 
left  in  the  mine  for  every  ton  brought  to  the  surface. 

(2)  An  effort  is  being  made  in  many  sections  of  the  United 
States  and  in  a  number  of  Illinois  mines  to  decrease  this  loss 
of  coal. 
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(3)  The  low  percentage  of  recovery  in  the  United  States  is 
largely  due  to  economic  conditions  and  to  efforts  to  produce 
cheap  coal. 

(4)  "Where  economic  conditions  have  been  favorable,  per- 
centages of  recovery  have  been  obtained  in  the  United  States 
quite  as  high  as  in  any  of  the  foreign  countries  in  which  usually 
the  economic  conditions  have  not  been  such  as  to  make  the  pro- 
duction of  cheap  coal  the  determining  element  in  the  choice  of 
a  method. 

(5)  The  low  price  at  which  much  of  the  coal  land  in  the 
United  States  has  been  bought  has  not  offered  an  inducement  to 
save  the  coal. 

(6)  The  best  results  in  recovery  are  now  being  obtained  in 
districts  where  the  value  of  coal  land  is  high. 

(7)  As  a  general  rule  better  extraction  is  being  obtained  in 
West  Virginia  and  Pennsylvania  than  in  the  Middle  West. 

(8)  In  view  of  the  results  being  obtained  in  some  other  dis- 
tricts, under  conditions  no  more  favorable  than  those  in  Illinois, 
the  percentage  of  extraction  in  Illinois  should  be  increased. 

(9)  The  best  results  are  being  obtained  by  the  larger  and 
stronger  companies  which  can  afford  to  plan  for  the  future. 

(10)  The  low  value  of  the  smaller  sizes  of  coal  in  the  past 
has  been  a  drawback  to  pillar  drawing,  because  very  often  pillar 
coal  has  contained  more  of  the  small  sizes  than  room  coal.  With 
the  increasing  use  of  small  sizes  in  mechanical  stokers,  the  price 
will  undoubtedly  advance  to  nearly  the  same  level  as  that  of  the 
larger  sizes ;  thus  this  drawback  to  greater  recovery  will  grad- 
ually  disappear. 

(11)  One  of  the  reasons  why  newer  methods  have  not  been 
generally  tried  is  to  be  found  in  the  prejudice,  too  common  in 
coal  mining  practice,  against  innovations,  and  in  the  fact  that 
mining  methods  have  been  based  largely  upon  previous  practice 
in  other  countries  or  in  other  states. 

(12)  Many  of  the  attempts  to  draw  pillars  have  been  unsys- 
tematic. Upon  such  unsystematic  work  are  based  many  of  the  opin- 
ions concerning  the  technical  and  commercial  practicability  of 
pillar  drawing  and   the   prejudices  against  it. 

(13)  Subsidence  of  the  surface  must  be  regarded  as  a  m 
sary   accompaniment   of   mining.      Instead   of   trying   to   prevent 
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Sll-.  he  pillars  should  be  removed  systematically  so  that 

sidence  will  occur  uniformly  and  not  in  isolated 

\' though   there   may  be  a   temporary  disturbance  of  the 

Pt  time  its  condition  will  be  as  good  or  nearly 

v  the  mining. 

14)     In    Illinois,   at   the    present    time,   more   than   fifty   per 

d  is   frequently  left  in  the  ground  in  an  effort 

-  and   subsidence;  even  then  it  is  not  at  all 

•  .n  that  the  desired  result  is  accomplished. 

5 1     Th<  is  may  be  obtained  by  driving  room  entries 

lr  full  length,  then  by  beginning  the  rooms  at  the  inby  end 
of  the  entry,  in  order  that   pillar  drawing  may  begin  as  soon  as 
room  ia  finished. 

effective,  pillar  drawing  must  begin  as  promptly 
as  possibh  the  rooms  are  worked  out. 

17       Where   pillars  are  left  to  be  drawn  subsequently,  the 

B  usually  Los  use  the  pillars  are  crushed  through  squeezes, 

not   found  economical  or  convenient  to  take  the 

coal  out  and  at  the  same  time  to  keep  up  the  output  of  the  mine 

partively  small  amount  of  coal  left.    In  other  words, 

unless  pillar  drawing  follows  very  closely  after  the  first    working, 

•y  little  pillar  coal  is  obtainable. 

(18)     In   many   districts   poor  top  has  prevented  taking   out 

the  full  thick  f  the  coal,  and  one  of  the  great  losses  is  that 

du<  al  left  in  the  roof.    This  loss  has  been  overcome  in  some 

;t-->  v.-ry  MK-cessfully,  and  should  be  carefully  studied. 

irted  percentages  of  extraction  are  usually  too 

estimating,  often  only  the  section  mined  is  con- 

ered  and  i.  ml  is  taken  of  top  or  bottom  coal  left  unmined. 

tly   only   limited  areas   of  the  mine  are  considered 

ai  a  whole. 

at  mines  in  the  same  region  where  physical 

practically   the   same,   the   mining   methods   vary 

I   to   length  of  rooms,  number  of  rooms  in  a 

barrier  pillars,  etc.    This  variation  in  practice 

•-' '     '     '••■•    advisabi  ity  of  B  detailed  Study  to  determine,  if  possi- 

•  «tai  ttod  for  a  given  set  of  conditions. 
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CHAPTER  I 

Mining  Methods  and  Conditions  in  Relation  to  Extraction 

5.  Introduction. — The  subject  of  the  percentage  of  coal  extracted 
from  the  mines  in  the  United  States  has  received  very  meager  atten- 
tion, except  in  the  case  of  individual  mines  or  companies.  The  only 
comprehensive  official  study  of  an  extended  coal  mining  area  has  been 
in  the  anthracite  district  of  Pennsylvania,  where  the  high  value  of 
the  coal  and  the  knowledge  that  the  supply  is  limited  early  stimulated 
an  interest  in  the  subject.  This  interest  led  to  the  appointment  of 
the  Coal  Waste  Commission  which  reported  in  1893.* 

In  1905  H.  H.  Stoekf  published  a  table  of  coal  pillar  data  which 
contained  percentages  of  extraction  gathered  largely  by  correspond- 
ence.    See  Table  1,  page  23. 

In  1914  A.  W.  Hesse  J  collected  as  much  information  as  possible 
on  this  subject,  which  is  summarized  in  Table  2,  page  24. 

In  previous  bulletins  of  the  Cooperative  Coal  Mining  Investi- 
gations tables  of  pillar  data  and  percentages  of  extraction  were  given. 
These  are  summarized  in  Table  3,  pages  25,  26,  27. 

Doubtless  many  of  the  figures  in  these  tables  and  others  on  the 
percentage  of  recovery  are  open  to  question,  but  they  represented 
the  best  and  most  nearly  complete  information  available  when  the}' 
were  published.  There  are  several  reasons  for  questioning  the  accu- 
racy of  the  figures  on  extraction.  Chief  among  them  is  the  fact  that 
estimates  are  usually  based  upon  areas  which  are  too  small  or 
upon  insufficient  data.  A  single  panel  or  a  single  lease  is  some- 
times used  as  a  unit  upon  which  to  base  estimates,  and  often  the 
areas  thus  selected  are  favorably  located.  While  the  estimates  may 
represent  results  obtained  with  the  given  method  of  mining,  they 
by  no  means  represent  the  average  results  for  the  mine  as  a  whole. 
The  panel  selected  for  measurement  is  usually  one  in  which  there 
has  been  no  squeeze,  while  all  about  it  there  may  be  squeezed  area^ 
in  which  large  amounts  of  coal  have  been  lost.     Many  estimates  are 

*  Report  of  Committion  Appointed  to  Investigate  the  Waste  of  Coal  Mining  with  the 
View  to  the  Utilizing  of  the   Waste,   1893. 

f  Mines  and  Minerals,  Vol.  26,  p.  107,  1905,  and  International  Lihrarv  of  Technology. 
Vol.   150,   par.   40,   p.   60. 

X  "  Maximum  Coal  Recovery."  W.  Va.  Mi  n.  Inst.,  June  3,  1914;  Coll.  Kng.,  Vol.  35. 
p.   13;    and   Coal   Age,   Vol.   5,   p.   1051. 
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h^atd  u.  ,  tare  recovery  from  pillars,  which  may  or  may 

not  «L  - 

traction  frequently  do  not  take  account  oi 

in  the  mine,  and  the  values  reported  often 

ition  of  the  coal  actually  mined.     In  mining 

|  Ick,  for  instance,  two  feet  of  top  coal  may  be 

ttaximnm  percentage  of  extraction  from  mining 

u  tli is  case,  would  be  eighty  per  cent  of  the  total  coal  in 

If.  then,  fifty  per  cenl  of  the  eight  feet  mined  is  obtained, 

of  the  total  coal  in  the  bed  is  recovered. 

urate  method  of  estimation  is  to  divide  the  actual 

mined,  as  determined  by  the  tonnage  for  which  the 

the  amount  of  coal  in  the  ground  as  determined  by 

multiplying  a  area  by  the  average  thickness  shown  in  a  large 

number  of  I  the  bed. 

(Treat   care  is  exercised,   results  are  often  subject 

to   e  I  for   these   have   been   outlined  by   Smyth* 

Inaccuracies  in  railroad  weights  of  possibly  five  to  ten 

mraciea  in  estimation  of  coal  used  at  the  mines  fre- 

lounting  to  ten  per  cent,  inaccuracies  in  estimating  the 

mean  v.  I  the  bed  amounting,  even  in  very  uniform  beds, 

i  five  |  difficulties  of  obtaining  final  figures  until 

a  min-  rked  <»ut. 

mdition  of  the  coal  mining  industry  in  this  country 

is  a  il  result  of  the  course  and  character  of  its  development. 

only  tl  da  and  even  parts  of  beds  have  been  worked, 

□    of   which   would    result   in  the   largest   immediate 

i        •  methods  of  mining  which  were  cheapest  and  which 

profit  on  the  coal  produced  have  been  followed, 

nil  t<>  the  possible  injury  of  the  mine  or  the  result- 

!.    There  haa  been,  moreover,  no  restriction  of  market, 

hare  been  opened  when  there  has  been 

coal   in  the  surrounding  territory,  but  when 

•  on    and    transportation   have  been  such   as  to 

lor  i'.,;i|  from  these  districts  to  enter  markets  already 

i   cheap   coal,   produced  by  wasteful 

iyer-development  of  the  industry.    The 
diatrictl  of  too  many  mines  has  resulted  in  the 

•  Bajtk,  JoK 
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idleness  of  many  mines  during  a  large  part  of  each  year  with  the 
accompanying  increase  in  the  cost  of  production.  In  dull  periods 
coal  has  frequently  been  sold  for  less  than  the  cost  of  production 
in  order  that  mines  might  be  kept  in  operation  and  certain  fixed 
charges  met.  This  subject  was  taken  up  by  Bush  and  Moorshead  in 
1911  in  a  paper*  before  the  American  Mining  Congress  in  which  it  was 
said  that  the  production  in  this  country  exceeded  the  consumption 
first  in  1891,  and  that  the  difference  between  consumption  and  capacity 
for  production  had  steadily  increased.  The  strike  of  1910  in  Illinois, 
Indiana,  and  the  Southwest  emphasized  the  over-capacity  of  the 
mines  of  that  region.  Though  the  mines  of  Illinois  were  idle  during 
six  months  of  the  year,  the  production  of  45,900,246  tons  was  only 
ten  per  cent  less  than  the  production  of  the  previous  year.  The 
mines  of  Oklahoma,  Arkansas,  and  Missouri  were  also  idle  during 
six  months  of  1910  because  of  the  strike,  but  the  production  showed 
an  average  decrease  of  only  twenty  per  cent.  It  was  also  said  that 
the  possible  capacity  of  West  Virginia  mines  was  seventy-five  per 
cent  more  than  the  total  production,  that  the  output  in  the  Pittsburgh 
and  the  No.  8  Ohio  districts  was  reduced  to  thirty  per  cent  of  the 
normal  production  during  the  three  or  four  months  of  each  year 
when  navigation  on  the  lakes  was  closed,  and  that  few  properties 
during  the  three  preceding  years — 1909,  1910,  and  1911 — had  been 
operated  more  than  225  working  days  per  year. 

This  over-production,  with  its  small  profit  or  even  loss  in  the 
operation  of  mines,  results  in  a  natural  tendency  to  employ  only 
those  methods  which  will  insure  cheap  coal.  It  is  natural,  also,  that 
under  these  conditions  there  should  exist  an  attitude  of  hesitancy 
with  regard  to  the  adoption  of  newr  or  different  methods.  Neither 
the  coal  producer  nor  the  public  has  as  yet  become  aroused  to  the 
full  realization  of  the  fact  that  the  natural  resources  of  the  count ry 
are  not  inexhaustible.  The  coal  mining  engineer  of  America  accord- 
ingly, has  not  had  as  his  problem  the  development  of  methods  of 
extraction  which  would  result  in  the  largest  percentage  of  ultimate 
recovery,  but  rather  the  development  of  methods  which  would  result 
in  the  lowest  cost  of  production.  In  many  cases,  however,  as  \a 
shown  by  the  detailed  descriptions  given  Later,  where  economic  con- 
ditions have  seemed  to  warrant   it,  methods  have  been  developed  by 


*  Bu6h,  B.  F.,  and  Moorshead,  A.  J.,   "The  Condition   of  Ihfl   Bituminous  Coal   Industry,"' 
l'roe.   Amer.  Min.  Cong.,   p.  246,    1911. 
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g  and  coal  producers  which  have  given  a  percent- 

to  thai  secured  in  any  European  country. 

ild  be  borne  in  mind,  when  comparisons  are  made 

a  in  different  countries,  that,  while  it  is  true 

!'  extraction  is  less  in  this  country  than  in  most 

countries,  the  cosl  of  coal  to  the  consumer  and  the 

Incer  are  also  less. 

i  the  comparative  cost   of  production  of  coal  and 

rative   profits   realized    in   Great  Britain   and  in   the 

States        -  taken  up  by  Rice*  substantially  as  follows:    the 

in  the  United  States  on  cars  at  the  mine  in 

-1  18  per  short  ton  for  bituminous  coal  and  $2.13 

rt  ton  for  anthracite.     In  Wales,  in  1913,  the  average  value 

rl  ton  at  the  mines  for  all  kinds  of  coal  was  $2.55,  and  in 

whole.  $2.21.    In  the  German  Empire  the  average 

for  all  kinds  \  27,  and  for  Westphalia  it  was  $2.37  per 

Net  mining  profits  in  Great  Britain  and  in  Germany  are 

enty-five  and  fifty  cents  per  ton,  while  profits  in  the  United 

bituminous  coal  are  probably  not  more  than  five  cents 

3e  that  more  expensive  methods  of  mining 

I  without  increasing  the  cost  of  the  coal,  and  under 

'     eu  which  have  prevailed  in  the  coal  industry  for  many 

lid  1  e  no  material  increase  in  the  cost  of  coal  to  the 

r  without  a  corresponding  increase  in  the  selling  price.    The 

opinion,  however,  that  the  percentage  of  recovery  cannot 

•  y  men  ased  without  an  increase  in  the  cost  of  production  is 

inly   this  increase  in  cost  would  not  be  as 

•rally  believed.     This  is  a  matter  which  can  be  con- 

tnined  only  by  actual  trial  of  new  methods  extending 

eriod  to  insure  the  reliability  of  the  results.    The 

Adoption  of  methods  which  result  in  an  increase  in  the 

raction  has  been  possible  in  some  districts  with  little 

erea8e  "'  furnishes  a  reason  for  thinking  that 

dd  be  made  in  other  districts  with  similar  results. 

operations   over  long  periods  and  steady 

n  order  to  obtain  a  high  percentage  of  ex- 

vMfc  »£  ice.  of  Coal  in  the  United  States  and  Europe, 

cond    I'. Hi  American  Scientific  Congress. 
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traction.  At  present  these  conditions  are  impossible  in  many  districts 
and  can  be  attained  only  by  centralized  control  of  production  and 
selling  price,  which  will  provide  against  alternation  of  idle  and  rush 
periods  with  the  disorganization  which  accompanies  them.  Under 
existing  conditions  it  is  feared  by  operators  that  the  necessary  co- 
operation would  be  interpreted  and  attacked  as  a  violation  of  anti- 
trust laws.  In  some  of  the  European  countries  syndicates  working 
in  cooperation  with  the  governments  regulate  the  output  of  the 
mines  and  the  selling  price  of  coal  with  results  which  are  said  to  be 
highly  satisfactory  and  conducive  to  a  high  recovery.* 

One  of  the  chief  commercial  factors  affecting  the  choice  of  a 
method  has  been  the  cost  of  coal  in  the  ground.  This  has  generally 
been  very  low,  and  the  loss  of  coal,  therefore,  has  not  been  consid- 
ered a  serious  matter.  Even  at  the  present  time  the  value  of  coal 
rights  in  the  southern  Illinois  field,  where  the  No.  6  bed  is  worked, 
is  estimated  at  not  more  than  $100  to  $150  an  acre,  and  it  has  been 
only  a  very  short  time  since  such  coal  rights  could  be  purchased 
for  less  than  $50  an  acre.  The  thickness  of  this  coal  is  somewhat 
variable,  being  in  some  places  fourteen  feet  or  more,  but,  if  we 
assume  that  only  about  seven  feet  is  worked,  the  output  will  amount 
to  about  12,000  tons  per  acre  and  the  cost  of  coal  in  the  ground  will 
be  about  one  cent  per  ton.  A  great  deal  of  the  coal  in  the  state, 
however,  has  been  bought  at  a  very  much  lower  figure.  In  some 
cases  also  there  is  a  second  bed  of  coal  which  will  be  available  later, 
and  when  this  is  considered,  the  cost  of  coal  in  the  ground  will 
be  much  less  than  one  cent  per  ton. 

This  phase  of  the  subject  was  discussed  by  Rice,t  in  1909,  as 
follows : 

1  'The  influencing  conditions  causing  the  great  losses  that  are  at 
present  incurred  are : 

1.  Cheapness  of  'coal  in  place';  that  is,  in  the  seam. 

2.  Low  market  prices,  resulting  from  extreme  competition. 

3.  Character  of  the  seam,  roof,  and  floor  as  determining  the 
method  of  mining. 

4.  Surface  subsidence  due  to  mining. 

5.  Interlaced   boundary   ownerships. 


19 


*  Scholz,   Carl,   "The  Economics  of  the  Coal  Industry,"   Proc.  Arner.  Min.  Cong.,  p.   241, 

tHice,    George    S.,    "Miuing-W  'astefl    and    Mining  Costs    in    Illinois,"    Tr;tn>      Amer.    Inst. 
Mln.   Kng.,   Vol.   40.   p.   31,    1909. 
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6  meH   in   mining  operations. 

taken  together,  are  the  controlling  ones  in 
imnlll,  tion-  in  inflneneing  the  ehoiee  of  a  mining  system. 

•porators  are  sufficiently  progressive  to  find 
a  aml  ,        ,  to  take  out  practically  all  the  coal  under  a  given 
t  ,nuM  be  made  evident  that  it  paid  to  do  so.    That  many 
1  thai  ^.n  be  done  in  this  direction  is  apparent;  but  if, 
B   al   investment,  a  profit  of  operation  could  be  shown 
it  all  the  coal  over  the  profit  made  by  present  methods, 
istry   eonld  undoubtedly  find  men  to  accomplish  the  task. 
Erom  an  engineering  standpoint  practically  all  the 
under  I  given  area  can  be  taken  out.      It  is  a  question  of  cost. 
of  Coal  m  Place.— This  is  chiefly  due  to  the  great 
eoal.     Exeept  in  the  barren  northern  one-fourth  of 
lying  north  of  the  outcrop  of  the  coal-basin,  the  develop- 
ttdfi  primarily  not  on  the  possibility  of  finding 
in  that   particular  locality,  but  on  the  question  whether  it  is 
from  a  market  standpoint,  to  open  a  mine,   the 
seam  and  the  quality  of  the  coal  being  considered. 
The  pr  coal  rights  varies  from  $10  per  superficial  acre  in 

middle  part  of  Illinois,  away  from  the  mining  centers  to  $100  per 
eloped  mines.     Or,  in  the  case  of  leasing,  from  2  cents 
of-mine  hoisted,  in  the  southern  part  of  the  State,  to 
in  tho  northern  part.    The  cost  of  the  fee  is  relatively  so  much 
i  than  Leasing  that  the  latter  system  is  not  much  used. 
tin-  coal  by  the  operator  is  conducive  to  better  min- 
ther  items  that  go  to  make  up  the  total,  the  cost 
:i  in  place '  is  so  low  as  to  be  almost  negligible.    In  central 
Illinois,  in  i,  at  a  cost  of  only  $10  per  acre,  two  workable 

thick,  are  obtained.    Allowing  only  50  per  cent 

ft  13,000  tons  would  be  produced  per  acre,  the 

being  1/13  of  a  cent  per  ton,  or  about  1/1000  of 

production  in  central  Illinois.     In  the  Wilmington 

of  the  eoal  rights  is  about  $50  per  acre. 

though  it  averages  a  trifle  less  than  3  ft.  in  thick- 

I  tons  per  acre.    The  cost  is  therefore  about 

!  i-li  is  1/130  of  the  total  cost  of  production. 
that  there  is  little  incentive,  from  the  stand- 
'  •    «  of  the  coal,  to  save  the  latter  in  mining 
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The  cost  of  coal  rights  has  very  greatly  increased  since  Rice's 
discussion,  and  there  is  every  reason  to  believe  that  the  value  of 
coal  in  the  ground  will  be  much  greater  in  the  future  than  it  has  been 
in  the  past.  During  most  of  the  productive  period,  however,  the 
coal  in  the  ground  over  a  considerable  part  of  the  State  has  been 
worth  not  more  than  one-tenth  of  a  cent  per  ton,  and  under  these 
circumstances  the  loss  of  coal  has,  naturally,  not  been  considered  a 
serious  matter.  "What  has  been  important,  and  still  is,  is  the  extrac- 
tion of  coal  at  low  cost,  and  the  subject  of  high  recovery  is  one  of 
increasing  importance  at  the  present  time. 

Every  ton  of  coal  left  in  the  ground  represents  the  loss  of  a 
possible  profit.  Every  ton  of  such  coal  represents  a  loss  in  increased 
value.  An  acre  of  coal  left  in  the  ground  at  any  time  means  the 
extraction  of  another  acre  at  some  later  time  when  the  value  of 
coal  in  the  ground  will  be  greater.  In  other  words,  producers  are 
now  extracting  coal,  worth  possibly  $150  an  acre,  which  might  be 
left  until  it  would  reach  even  a  greater  value  if  it  were  not  for 
the  fact  that  coal  was  wasted  in  the  ground  when  it  was  worth  only 
fifty  dollars  an  acre. 

A  low  percentage  of  extraction  increases  the  cost  of  production, 
because,  for  a  given  output,  the  workings  must  cover  a  larger  area. 
This  involves  longer  haulage  roads,  and,  consequently,  a  greater  in- 
vestment in  rails  and  trolley  wire,  greater  maintenance  expense,  greater 
consumption  of  power,  lower  output  per  unit  of  equipment,  and  lower 
output  per  man.  With  long  haulage  roads  there  is  greater  chance 
for  derangements  of  the  track  or  for  falls  of  roof,  which  may  cause 
the  stopping  of  haulage  until  the  trouble  is  removed  or  may  result 
in  wrecks  if  the  trouble  is  not  discovered  in  time.  Another  source 
of  danger  lies  in  the  greater  haulage  speed  which  must  be  employed 
on  long  roads  if  the  output  is  to  be  maintained. 

The  cost  of  ventilation  is  also  higher,  because  these  larger  work- 
ings require  a  larger  quantity  of  air  to  maintain  safe  conditions,  and 
more  power  is  required  to  circulate  air  through  the  longer  passages. 
There  is,  moreover,  a  greater  loss  of  power  because  of  the  more 
numerous  stoppings,  which  are  often  inefficient. 

Another  difficulty  accompanying  the  spreading  of  the  workings 
over  a  large  area  is  that  of  providing  the  intensive  supervision  which 
is  highly  desirable  in  coal  mining,  particularly  where  skilled  work- 
men  have  been   replaced   by   comparatively   unskilled    laborers,    and 
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s  been  replaced  by  explosives  and  mining  machines.    Unless 
ration  is  to  be  increased  by  the  employment  of  a  larger 
remeo  or  face  bosses,  this  intensive  supervision  can  be 
only  by  concentration  of  the  workings. 

C*v— One    reason   for   the   use   of   methods  involving 
8  the  desire  to  maintain  the  original  surface  of  the 
B    ■  ■•  discussed  surface  subsidence  as  follows: 

B   influence  of  this  factor  upon  the  yield  results  from  the  high  value 
,!Hiiltural  purposes.  ...  If   the   long-wall   system   were 
8  thick  Beams,  when  applicable  at  all,  it  would  cause  a  considerable 
deranger  ind  when  the  latter  is  so  nearly  level  as  the  prairie- 

land  :il  Illinois,  it  makes  the  question  of  subsidence  a  serious  one.  .  .  . 

However,  until  the  agricultural  land  in  the  United   States  becomes  insufficient 
to  fi'..  '  of  the  population,  which  would  be  reflected  in  a  continual  in- 

crease of  for  fanning  land,  the  money -loss  from  temporarily  destroying  the 

-  is  relatively  small,  as  compared  with  the  selling  price  of  the 
coal  mined  from  the  Beam.     Taking  the  average  value  of  the  surface  at  $125  per 
s0  per  eent   be  rendered  worthless  the  immediate  money-loss  would  be 
$100  per  acr-  m  6  ft.  thick  would  contain  per  acre  11,000  tons  of  coal  in 

place,  yielding,  at  90  per  cent,  9,900  tons.     The  damage  done  by  practically  de- 
ng  the  surface' would  be  only  1  cent  per  ton.    If  the  land-prices  should  rise 
to  ar.  •  two  or  three  times  as  great  as  the  value  stated,  this  loss  would  still 

not  prohibit  mining." 

ong-wall  district  is  concerned,  very  little  if  any 

-  resulted  from  subsidence,  and  little  attention  has  been 

ibject.    The  most  noticeable  effects  are  generally  tem- 

i   farm  operations  are  not  hindered. 

Tne  I  the  relation  of  surface  values  to  subsidence  in 

Illir]  »usidered  by  L.  E.  Young  in  Bulletin  17  of  this 

B   map  reproduced  from  this  bulletin,  on  which 

ate  values  of  farm  lands  are  shown.    Table  4,  page  28, 

turn   between  coal  values  and  surface  values.     The 

,anfl  indicated  on  the  map  and  set  forth  in  the  table  suggest 

•ssible,  at  least  in  many  cases,  to  mine  coal  at  a 

Ml1  !  ,f  t,)"  wdne  of  the  surface  were  totally  destroyed. 

however,  for  assuming  the  permanent  destruction 

serious  permanent  injury.     Generally  any 

from   subsidence  could  be  largely  or  wholly  re- 

r  mTTi  -^Uidenoe  in  Illinois,"  111.   Coal  Min.  Invest.,   Bulletin   17, 
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q  ,.iallv  if  it  were  accepted  that  milling  is  certain  to  result 
-  dence  and  operations  wore  so  planned  as  to  reduce  the  sur- 
;d  the  cosl  of  restoration  to  the  lowest  possible  amount. 
W:  ,  .    ■  ;      ducer  owns  nothing  but  the  coal  rights,  unrea- 

damag  surface  subsidence  are  sometimes  imposed.    The 

n^  ^c  damages  is  not  always  merely  the  decreased  produc- 

er l;md.  nor  the  cost  of  restoring  it  to  its  former  con- 
dition  by    artificial    drainage;   the   formation   of   a   small   pond   has 
claimed  to  lower  the  market  value  of  a  farm  to  a  consid- 
er. Bimply  Localise  it  made  the  farm  less  sightly.     Under 
rcumstances,  operators  naturally  desire  to  avoid  disturbing 
know  that  an  attempt  will  be  made  to  recover 
,lan.  ad  that.  <>\m   if  they  escape  the  payment  of  exorbitant 

nits,    they    will    incur   considerable    expense    in    defending   the 
•ordingly,  is  often  made  to  conduct  the  mining 
in  a  manner  which  will  not  result  in  surface  subsidence. 
mull     -   that   the  loss  in  the  ground  represents  an  important 
>t"  the  coal,  in  many  cases  more  than  half  that  contained 
in  the  area   worked. 

ry  important  that  the  allowable  damages  for  surface  sub- 

ffulated  by  some  law.     This  law  should  fix  the  damage 

al  producer,  in  case  he  is  legally  responsible,  upon 

the  actual  damage  done  to  the  surface.     Under  such  a 

n   would   know  the   extent   and  character  of  their 

bility  and  could,  without  fear  of  excessive  or  unreasonable 

damage-    j  ording  to  methods  which  would  yield  the  highest 

possible  p'  _re  of  extraction  justifiable  under  such  conditions. 

7.  Closely    related   to,   but   not   identical    with,    the 

il>>i«l<!ice  is  that  of  squeezes.     There  may  be 

•nbs  squeeze,   but  with   the   conditions  in  Illinois 

isnally  followed  by  subsidence.    The  removal  of  a  por- 

additional  weight  upon  the  pillars  left  and 

trong  enough   to  support   this  additional 

crack  and  crush,  causing  a  movement  of  the  over- 

nent  is  called  a  "  squeeze,"  or  sometimes 

quantities  of  coal  are  often  left  in  the  mine  in 

F  pillars  in  an  effort  to  prevent  a  squeeze,  which  may  not 

!'  the  operation  of  the  mine  and  entail  a  loss  of 
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the  coal  in  the  squeezed  area,  but  large  areas  of  the  mine  may 
become  inaccessible  for  future  economical  working.  A  more  nearly 
complete  extraction  of  the  coal  properly  carried  out  should,  however, 
result  in  less  damage  from  squeezes. 

There  are  two  ways  in  which  a  squeeze  may  be  prevented  or 
stopped ;  first,  by  the  use  of  a  support  strong  enough  to  prevent  any 
movement  of  the  overlying  rock,  and  secondly,  by  a  fracture  of  the 
rock  above  the  excavated  portion  so  that  the  weight  on  the  pillars 
will  not  be  sufficient  to  crush  them. 

The  first  method  may  be  employed  by  either  leaving  natural 
supports  (coal  pillars)  of  sufficient  size  and  strength  to  hold  the 
roof  without  any  movement,  or  by  the  use  of  artificial  supports, 
such  as  timber  or  iron  columns,  or  sand  or  culm  filling.  The  cost  of 
timber  or  iron  would  prohibit  their  use  if  a  large  percentage  of 
coal  was  to  be  extracted.  Filling  is  not  generally  non-compressible, 
but  it  occupies  most  of  the  space  from  which  coal  has  been  removed, 
prevents  any  scaling  off  of  pillars,  and  eliminates  any  possibility  of 
movement  of  pillars.  The  filling  method,  however,  is  hardly  to  be 
considered  feasible  in  Illinois  because  of  the  cost.  In  the  Upper 
Silesian  coal  field  where  this  method  is  most  extensively  used,  the 
cost  is  from  twelve  to  eighteen  cents  per  ton.* 

Another  difficulty  arises  from  the  fact  that  the  material  would 
have  to  be  flushed  into  the  mine  with  water,  and  then  the  water 
would  have  to  be  pumped  out.  This  water  would  probably  have  an 
injurious  effect  on  the  clay  bottom.  The  material,  moreover,  would 
have  to  be  brought  from  a  distance  unless  the  value  of  the  land 
should  be  so  small  as  to  permit  the  use  of  material  from  the  neigh- 
boring surface,  and  this  condition  would  rarely  prevail   in  Illinois. 

In  the  leaving  of  coal  pillars  of  sufficient  strength  to  prevent  roof 
movement,  the  amount  of  coal  which  must  be  left  varies  with  local 
conditions.  It  is  difficult,  if  not  impossible,  to  determine  this  factor 
in  advance,  and  in  attempting  to  approach  as  closely  as  possible 
the  limit  of  safety,  it  often  occurs  that  too  much  coal  is  removed. 
Even  if  the  limit  is  not  passed  so  far  as  immediate  movement  ia 
concerned,  it  may  be  passed  with  reference  to  ultimate  movement 
and  the  crushing  of  the  pillars. 

Apparently,  so  far  afl  a  large  |»art  of  the  State  of  Illinois  is  con- 


*  Gullachsen,  Berent  Conrad,   "The  Working  of  the  Thick   Ooftl   Seams  in   Upper  Silesia," 
Trans.  Inst.  Min.   Engn.  Vol.   49,    ]>.   809,    1911. 
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y  to  leave  in  the  ground  about  one-half  of  the 
nl   if  movement  of  the  overlying  beds  is  to  be  pre- 

rable  dimensions  o(  the  rooms  and  the  pillars  vary  widely 
ra  between   wide  rooms  to  narrow  pillars  between 
One  company  had  squeezes  when  it  drove  25-foot 
centers,  bnt   it  lias  had  no  trouble  with  30-foot 
t-foot  centers.     This  is  a  question  not  simply  of  the 
of  the  coal  nor  of  the  ability  of  the  bottom  to 
withstand    pressure,  but  of  the  effect  on  the  pillars   of  scaling  at 
the  -  In  other  words,  the  strength  of  the  pillar  is  not  deter- 

mined merely  by  its  original  size  but  by  its  effective  size  after  the 
:  action,  which  may  follow  the  extraction  of  the  room  coal, 
has  occurred.     This  scaling  action  is   increased  by  the  shattering 
effect  of  r  68. 

M  of  coal  in  the  ground  to   prevent  squeezes   and  sub- 

which  is  what  abandoning  of  pillar  coal  amounts  to,  ought 

to  be  considered  only   as   a  last  resort.     It  has  been   found  that 

a  can  1  rented  by  the  removal  of  so  little  coal  on  the 

t<»  leave  a  solid  support,  and  by  the  complete  removal 

on  the  retreat  so  that  the  roof  is  left  entirely  without  support. 

This  process  prevents  the  gradual  settling  which  occurs  when  some 

left   and  produces  a  sharp  bending,   or  localization  of 

■,   lufficient    to    cause   a   rupture   of   the   overlying   rock   and 

if<  rence   of   weight   from   the   mined-out   area   to 

I    soal.     This  is  the  only  certain  method  which  has  been 

1  for  the  prevention  of  squeezes  unless  an  absurdly  large  quan- 

|]   ifl  abandoned.     The  means  by  which  squeezes  may  be 

ary  under  different  conditions,  but  the  essential  consider- 

i  oof  of  the  mined-out  area  shall  be  left  absolutely 

ipport   cither  from  coal  or  from  timber,  so  that  it  must 

fall. 
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Table  1» 

Dimensions  of  Rooms  and  of  Room  Pillars  and  Percentage  of 

Extraction- 


Locality  and  Coai.  Seam 


Alabama: 

Newcastle  seam 

Thin  seam 

Blue  Creek 

Blocton 

Flat  Top 

Arkansas: 

Sebastian  County 

Colorado: 

Trinidad  series 

Illinois: 

Springfield 

Staunton  (machine  mines) 

Indian  Territory 

Iowa 

Maryland: 

Georges  Creek 

Pennsylvania: 

Connellsville 

Connellsville 

Pittsburgh 

Clearfield 

West  Virginia: 

Fairmont 

Clarksburg,  Pittsburg  seam 

Mineral  County,  Pittsburg  seam 

Tucker  County,  Davis  or  Kittanning  seam 

Putnam  County,  Pittsburg  seam 

New  River,  Sewell-Nuttall  seam 

Thacker,  (Thacker)  Lower  Kittanning  seam 

Logan,  Lower  Kittanning  seam 

Kanawha  (No.  2  Gas),  Lower  Kittanning  seam 

Pocahontas,  Double  Entry,  No.  3  Pocahontas  seam 
Pocahontas,  Panel  System,  No.  3  Pocahontas  seam 
Raleigh,  Sewell-Nuttall  seam 


Width  of 

Room 

Feet 


25 
20 
25 
25 
25 

18-30, 
usually  24 

20-25 

30 
30 

18-30, 

usually  24 

21-30 

12-16 

12 
12 

21-24 
21-24 

18-24 

18 

12 

18 

30 

24 

18-21 

21 

28 

18 

18 

25 


Width  of 

Room 

Pillars 

Feet 


10-20 

10-20 

25 

25 

25 

12 


20-25 

1.5-20 

30 

10-12 

9-15 

40-100 

42 
84 

12-18 
15 

18-40 

32 

48 

22 

15 

26 

42 

20 

12-20 

42 

42 

25 


Per  Cent 
of  Coal 
Left  in 

First 
Working 


40 
30 
35 
30 
35 

30 


50 

60 
60 
30 

35 
75 

60 

80 
40 
40-50 

40-60 

64 

80 

35 

34 

60 

67 

57 

40 

68 

50 


Total 

Per  Cent 

of  Coal 

Recovered 


85 
90 
85 
80 
85 

70 


50-80 

60 
60 

70 

90 

90 

95 
90 

85-95 
80-95 

95 

90 

95(?) 

90  (?) 

75-85 

60-80 

80 


80 

95* 

90 


JH.  H.  Stoek,    Mines   and    Minerals,    Vol.    26,    p. 
Technology,  Vol.  150,  par.  40,  p.  60. 

2Estimated. 
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The  widths  of  rooms  and  room-pillars  given  in  Table  1  show 
that  there  were  few  cases  in  which  plans  were  made  for  the  extrac- 
tion of  more  coal  from  pillars  than  from  the  advance  workings. 
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Table  4l 
ov  Bui  no  of  Coal  Rights  by  Counties  in  Illinois 


County 


Value  of  Coal 

Number  of 

per  Acre 

Coal  Bed 

$  25 

6 

10-100 

2 

10-  50 

6 

35-100 

6 

15-100 

5 

20-  25 

5 

10-  25 

2 

135 

6 

25-  75 

2,  6 

10-100 

2,  5 

10-  50 

6 

20-  50 

5 

15-  50 

6 

10-  40 

6 

20 

6 

15 

2 

15 

5 

25-  30 

6 

25-  50 

6 

20-  30 

6 

20-  50 

5 

25 

6 

15 

2 

25 

6 

10-100 

6 

50-160 

5 

20-100 

5,  6 

10-  40 

2 

10-  25 

6,  5 

100-150 

6,  7 

15 

1.  2 

15 

2 

50-150 

6 

15 

2 

Average  Surface 

Value,  Census  of 

1910 


B  :.  i 
Bureau. . 

Fran  •- 

ri    . 

Gallatin. 

dy. 

Jackson 

La  Salle    . 

.      .   . 

Mm  nia 


on .  . 

Marshall 


Menard 

II    r.  •.„■    n  rj 
Morgan 

I 'Try 


Randolph 
St.  Clair 

Saline 

Sangamon 

BeoM 

Vermilion 
W*rrrn 

^  I  inn  '. 


$  45.43 

114.53 

123 . 63 

38.48 

88.18 

48.60 

75.52 

112.03 

31.27 

142.92 

161.76 

156.49 

69.74 

70.53 

39.45 

123.92 

171.85 

122.04 

73.49 

124.28 

107.67 

30.62 

104.69 

36.11 

81.57 

39.88 

138.30 

83.21 

88.72 

138.85 

129.80 

104.08 

30.61 

154.27 


1914 


f,  Lewifl  E  ,  "gurfsee  Subsidence,  in  Illinois,"  111.  Co^l  Min.  Invest.,  Bulletin  17,  p.  55, 

ilPlE?  JOE?  TV?  ofrc:r1efJ  au3  a"  authoritative  basis  for  valuation  but  indicate  in  a  general 
»  price*  at  MM  ml  km  been  sold  or  at  which  it  is  held  in  some  of  the  important  counties. 
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CHAPTER  II 

Extraction  in   Illinois 

8.  Plan  for  Division  of  State  into  Districts. — At  the  beginning 
of  the  work  of  the  Cooperative  Coal  Mining  Investigations,  the 
State  was  divided  into  districts  in  order  that  those  beds  which  are 
similar  in  general  conditions  might  be  studied  and  considered  to- 
gether. This  subdivision  into  districts  is  shown  by  Fig.  2,  and 
the  districts  are  described  in  Table  5. 


Table  5 

Districts  into  which  the  State  has  been  Divided  for  the  Purposes 

of  Investigation 


Investi- 
gations, 
District 


Coal  Seam 


Method  of  Mining 


Counties 


Investi- 
gations 
Numbers 
for  Mines 
Examined 


II 
III 


IV 

V 

VI 

VII 
Mil 


2 
1  and  2 


6  (east  of  Duquoin 
anticline) 

6  (west  of  Duqouin 
anticline) 


6  and  7 
(Danville) 


Long-wall 

Room-and-pil  lar 
Room-and-pillar 


Room-and-pillar 

Room-and-pill.tr 
Room-and-pillar 

Room-and-pillar 

KnuHi-aiid-pillar 


Bureau,  Grundy,  La  Salle,  Marshall, 
Putnam,  Will,  Woodford. 

Jackson 

Brown,  Calhoun,  Cass,  Fulton, 
Greene,  Hancock,  Henry,  Jersey, 
Knox,  McDonough,  Mercer,  Mor- 
gan, Rock  Island,  Schuyler,  Scott, 
Warren 

Cass,  DeWitt,  Fulton,  Knox,  Logan, 
Macon,  Mason,  McLean,  Menard, 
Peoria,  Sangamon,  Schuyler,  Taze- 
well, Woodford 

Gallatin,  Saline 

Franklin,  Jackson,  Perry,  William- 
son   

Bond,  Christian,  Clinton,  Ma- 
coupin, Madison,  Marion,  Mont- 
fomery,  Moultrie,  Perry,  Randolph, 
angamon,  Shelby,  St.  Clair,  Wash- 
ington   

Edgar,  Vermilion 


1  to  11 
12  to  16 


17  to  24 

23  to  42 
43  to  49 

50  to  65 


66  to  90 

91  to  97 


In  the  present  publication  the  conditions  prevailing  and  the 
methods  followed  in  the  various  districts  are  described,  and  the 
extent  to  which  these  affect  the  percentage  of  recovery  is  discussed. 
Material  and  information  has  been  gathered  at  various  times,  and 
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some  of  it,  especially  that  relating  to  physical  conditions  and  usual 
methods  of  operation,  has  been  published  in  previous  bulletins  of 
this  series.     These  facts  are  summarized  in  Bulletin  13.* 

9.  Conditions  Affecting  Extraction. — Since  there  is  an  immense 
quantity  of  coal  underlying  the  state  and  only  a  comparatively  small 
portion  has  been  extracted,  it  is  perhaps  natural  that  little  serious 
attention  has  been  given  to  the  subject  of  high  recovery.  Those  con- 
trolling production  have  been  concerned  principally  with  other 
phases  of  the  subject,  not  because  they  have  been  indifferent  to  the 
highest  possible  utilization  of  resources,  but  because  they  have  believed 
that  the  methods  in  use  were  giving  the  lowest  possible  cost  of  pro- 
duction ;  and  low  cost  of  production  has  been  regarded  as  a  neces- 
sity for  the  development  of  the  Illinois  fields  in  competition  with 
other  coal  fields. 

Table  3,  rearranged  from  Bulletin  13,  gives  the  dimensions  of 
the  workings  and  the  estimates  of  recovery  for  the  mines  examined 
by  the  Cooperative  Coal  Mining  Investigations. 

The  values  for  the  percentage  of  extraction  given  in  the  last 
column  of  Table  3  are,  in  most  cases,  founded  upon  estimates  fur- 
nished by  the  operators.  In  many  instances  subsequent  investi- 
gation has  shown  that  these  values  are  not  correct.  There  are  only 
a  few  mines  in  the  state  from  which  it  has  been  possible  to  obtain 
accurate  data  on  recovery  because  of  the  lack  of  information  on 
which  such  data  could  be  based.  Generally,  it  has  been  found  that 
persons  estimating  the  percentage  of  recovery  have  been  inclined 
to  use  values  too  high  and  have  failed  to  take  into  account  some  of 
the  sources  of  loss.  Later  figures  on  extraction,  the  most  trust- 
worthy it  has  been  possible  to  obtain,  will  be  found  in  the  descrip- 
tions of  the  districts. 

10.  District  I. — The  No.  2  bed  varies  in  thickness  from  two  feet, 
eight  inches  to  four  feet,  the  average  thickness  being  about  three 
feet,  two  inches.  On  the  east  side  of  the  LaSalle  anticline  the  thick- 
ness of  cover  ranges  from  40  to  200  feet;  on  the  west  side  the  bed 
lies  at  a  depth  of  350  to  550  feet.  In  the  eastern,  or  Wilmington, 
section  the  roof  is  a  smooth  gray  shale,  though  sandstone  is  found 
in  some  places.     In  the  western  or  LaSalle  field  the  roof  is  a  gray 


•Andros,   S.  O.,   "Coal  Mining  in  Illinois."   111.  Coal  Min.  Invest.,   Bui.   13,   1915. 
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In  the  Wilmington  Held  the  floor  is  a  dark  gray  fire  clay 

a  thickness  from  a  few  inches  to  several  feet.    When  this 

it   heaves  badly  under  pressure.     In  the  LaSalle  field 

re  day,  but  a  hard  sandstone  is  sometimes  found  lm- 

mediatelv  beneath  the  coal.* 

i   the  eoal   produced  in  this  district  is  mined  by  the 
long-wall   method,    and    this   method,    of   course,    gives   the   highest 

of  recovery.     G.  S.  Rice  says  that  at  one  mine 
rd  was  kept  for  six  years  the  loss  of  coal  from  all 
n  i  .. .  per  cent.f 

11.     District  //.—The  No.  2  seam  is  found  under  shallow  cover 

rom  25  to  160  feet.    In  most  places  the  floor  is  sandstone, 

I. ut  shale  or  clay  is  occasionally  found.     In  places  a  wet  and  fluid 

ad  is  found  about  thirty  feet  below  the  surface,  and  it  has  a  marked 

upon    surface   subsidence,    causing   the    formation   of    rather 

instead  of  gentle  sags.    The  bed  is  divided  into  two  benches 

by  a  shale  parting,  varying  in  thickness  from  one-eighth  inch  to 

thirty-ail    feet      The   bottom   bench   varies   in   thickness   from   Sy2 

and  the  top  bench  has  an  average  thickness  of  two  feet. 

Whore  the  parting  between  the  benches  is  less  than  four  inches  thick, 

the  two  benches  of  the  seam  are  worked  as  one  and  the  working 

faces  in  rooms  and  entries  are  from  six  to  seven  feet  high.     Where 

parting  is  more  than  four  inches  thick,  only  the  lower  bench 

ined  and  the  parting  becomes  the  mine  roof.    When  both  benches 

forked  and  the  bed  is  more  than  six  feet  thick,  only  the  lower 

■'•  a]  are  mined,  eight  to  twelve  inches  of  top  coal  being  left; 

but  if  the  coal  is  not  more  than  six  feet  thick  the  full  thickness  of 

mined,  and  the  gray  shale  overlying  the  coal  becomes 

the  roof. 

With  one   exception,    the  mines   examined  are   operated  by  the 

snd-pillar  method.    Operations  are  carried  on  with- 

to  the  projected  sizes  of  rooms  and  pillars.    The 

t  of  thk  practice  is  b  rather  high  percentage  of  extraction,  as 

l,i,,ars  '  considerable  extent.J     At  one  mine  in  this 

tl    Mining   Practice   in   District   I,"   111.   Coal   Min.    Invest.,    Bui.   5, 

VaBtes    aud    Mining-Costs    in    Illinois,"    Trans.    Amer.    Inst. 

:    Praetlee    in    District  II,"   111.   Coal  Min.  Invest.,    Bui.   7, 
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district  which  is  operated  on  the  panel  system  and  in  which  a  serious 
attempt  is  made  to  remove  pillars  as  far  as  possible,  the  percentage 
of  extraction  is  probably  higher  than  at  any  other  mine  in  southern 
Illinois.  At  this  mine  the  shaft  is  115  feet  deep.  There  are  triple 
main  and  cross  entries,  each  ten  feet  wide,  with  20-foot  entry  pillars. 
Barrier  pillars  on  main  and  cross  entries  are  twenty  feet  wide.  Rooms 
are  twenty  feet  wide  with  10-foot  pillars.  All  cross-cuts  are  eight 
feet  wide.  Although  there  are  no  exact  figures  on  the  percentage 
of  recovery,  it  is  evident  from  the  dimensions  of  the  workings  that 
about  two-thirds  of  the  coal  is  extracted  in  the  first  working.  Since 
by  slabbing  pillars,  forty  to  fifty  per  cent  of  the  pillar  coal  is  also 
obtained,  the  final  recovery  probably  amounts  to  about  eighty  per 
cent.  The  rooms  are  widened  about  thirty  feet  before  the  end  is 
reached,  little  or  no  pillar  coal  is  left  beyond  this  point,  and  as 
much  of  the  remainder  of  the  pillars  as  possible  is  taken  out  by 
slabbing. 

The  possibility  of  extracting  a  large  amount  of  pillar  coal  depends 
upon  the  character  of  the  top  which  may  be  allowed  to  fall  without 
serious  consequences,  because  the  shale  and  sand  overlying  the  coal 
seal  the  opening  so  that  the  influx  of  water  is  not  seriously  increased 
by  a  break.  When  the  top  falls,  the  necks  of  the  rooms  are  boarded 
up  and  the  water  is  handled  by  a  pump. 

12.  District  III.— The  No.  1  and  No.  2  beds  are  worked.  The 
cover  overlying  the  coal  is  thin.  The  topography  of  the  surface  in 
many  places  is  rolling,  with  hills  about  150  feet  high  near  Mather- 
ville.  Bed  No.  2  lies  at  depths  of  seven  feet  to  one  hundred  feet 
with  an  average  cover  of  fifty-five  feet.  Bed  No.  1  averages  four 
feet  in  thickness  and  is  broken  in  places  by  small  faults,  slips,  clay 
veins,  and  rolls.  A  poorly  developed  parting  divides  the  bed  into 
two  benches,  the  upper  of  which  is  in  most  places  about  two  feet 
thick. 

The  immediate  roof  in  the  northwestern  part  of  the  district  is 
of  hard  black  shale  which  is  easy  to  support.  In  the  southern  part 
a  bituminous  calcareous  shale,  two  to  five  inches  thick,  lies  in  places 
immediately  over  the  coal.  This  shale,  called  clod,  is  hard  when  first 
exposed  to  the  air  but  after  exposure  softens  and  falls.  Throughout 
the  district  the  cap  rock  is  limestone.  In  limited  areas  where  the 
^hale  is  missing,  this  limestone  forms  the  immediate  roof.     Above 
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>p  rook  occur*  a  dense,  fine-grained,  non-crystalline  limestone 

illy  called  "  blue  rock."  t 

bed  No   1  there  occurs  in  places  an  irregular  band  ot  hard 

bone    three  to  six  inches  thick.     The  floor  proper  is  of  light  gray 

ua  tire  clay  which  contains  plant  stems  and  roots.    This  clay 

11  v  when  wet  and  sometimes  swells  enough  to  fill  the  entry. 

me  mines  a  carbonaceous  shale  lies  between  the  fire  clay 

flo,  alj  sometimes  this  shale  is  supplanted  by  sandstone. 

Th(  liial  deposits  are  called  "  false  bottoms." 

2  varies  in  thickness  from  1  foot,  10  inches  to  4 
feet,  and  averages  2  feet,  6  inches.  The  bed  has  a  slight  dip  to 
th,  A  land  of  mother  coal  and  iron  pyrites  persists  throughout 

the  bed.     This  occurs  about  fourteen  inches  from  the  roof.     The 
imi  ■  roof  is  of  smooth  and  regular  calcareous  shale,  known 

locally  as  soapstone.     The  floor  is  of  soft  gray  fire  clay  which  con- 
nodular  concretions  of  iron  pyrites  called  sulphur  balls.     The 
coal  in  this  district  lies  near  the  surface,  but  at  no  point  is  the  over- 
burden stripped. 

t  at  two  mines,  the  mining  system  is  the  simplest  form  of 
lble-entry  room-and-pillar.    Table  3  shows  the  dimensions  of  work- 
ings  in  the  mines  examined.     The  coal  is  gained  during  the  first 
rking  with  a  waste  of  pillar  coal  amounting  to  about  45  per  cent  of 
the  bed    At  the  two  exceptions  75  per  cent  of  the  pillar  coal  is  recov- 
retreat,  a  large  percentage  for  Illinois  room-and-pillar 
mines. 

A  main  entry  and  a  parallel  air-course,  each  six  feet  high  and 

_ht  feet  wide,  are  driven  from  each  side  of  the  shaft  toward  the 

boundaries.     At  right  angles  to  these  main  entries,  pairs  of  cross 

err  re  driven  every  500  feet.    On  the  cross  entries,  after  leaving 

pillar  of  50  feet,  rooms  are  turned  on  45-foot  centers.    Room 

necks  are  7   feet  long  and  8  feet  wide,   and  are  widened  to  the 

left    at  of    about   45    degrees;    thus    they    reach    the    full 

vi.lth  of  2G  feet  at  distance  of  14  feet  from  the  beginning  of  the 

the  first  room  on  each  entry  has  been  holed  through, 

pillar  uts  are  closed  by  gob  stoppings,  and  the  line  of 

t  open;  thus  two  additional  air-courses  are  provided. 

•try  has  been  driven  to  the  limit  and  the  rooms  on 

1  out,  the  last  pillar  on  the  entry  is  drawn;  then 

room  pillars  are  drawn  until  the  pillar  between  rooms 
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3  and  4  is  reached.  The  room  pillars  between  the  main  entry  and 
room  4  are  left  to  protect  the  main  entry  and  air-course.  The  method 
of  drawing  pillars  is  illustrated  in  Fig.  3.    When  the  room  is  driven 


I—  : —  i0 
K5- 6' , 


(o)  (b)  (c)  fct) 

Fig.  3.     Pillar  Drawing  at  Matherville,  Illinois 


up  to  its  full  length,  a  12-foot  cut  is  made  across  the  end  of  the 
pillar  (a),  a  5-foot  slab  about  8  feet  long  is  shot  from  the 
side  of  the  pillar,  a  4- foot  slab  is  shot  from  the  end  (b),  and  the 
end  of  the  pillar  is  squared  up  by  shooting  off  another  4-foot  slab  (c). 
Beginning  again  at  (d),  the  process  is  repeated. 

The  hard  roof  is  easy  to  support  and  often  stands  while  25  to  200 
feet  of  pillars  are  being  drawn.  When  the  weight  of  the  roof 
becomes  too  heavy,  the  roof  breaks  at  the  pillar  ends.  The  cracking 
of  the  props  gives  ample  warning  of  the  break,  and  work  is  discontin- 
ued until  the  roof  falls.  The  interval  between  the  first  heavy  cracking 
of  props  and  the  breaking  of  the  roof  is  usually  not  more  than  twelve 
hours. 

A  break  line  of  about  twenty-five  degrees  with  the  face  of  the 
rooms  is  roughly  maintained.  When  roof  falls  prevent  access  to 
the  squared-up  pillar  ends,  a  12-foot  cut  is  again  made  completely 
through  the  pillar,  as  at  the  face  of  the  room  when  drawing  began, 
and  with  this  new  pillar  end  the  procedure  continues;  consequently, 
very  little  pillar  coal   is  lost.     Carl   Scholz,   President    of  the  Coal 
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Minim;  Company,  slates  that  at  mine  No.  3  at  Matherville 
Har  coal  does  nol  exceed  four  per  cent. 

nine  of  the   Coal  Valley  Mining  Company,  the 
producing  coal  is  much  less  on  pillars  than  on  advance  work 

on  the  average  $1.25  per  ton  at  the  pit 

mouth,  and   pillar  coal  eosts  $1,015.     This  difference  in  cost  exists 

,k.  yardage,   bottom  digging,  and  driving  through  rolls 

and  Blips  are  properly  charged  against  room  coal,  while  there  are 

lucfa  charges  against  pillar  coal.    When  pillars  are  drawn,  there- 

the  aven  ri  per  ton  for  the  total  production  is  materially 

reduced.    At  this  mine  rooms  are  worked  with  one  man  at  the  face, 

but  two  men  are  placed  at  each  pillar  and  at  the  face  of  each  entry. 

Only  one  man  has  been  injured  in  connection  with  the  pillar  drawing. 

With  the  extraction  of  such  a  large  percentage  of  the  bed  sur- 

-  to  be  expected.     The  topography  of  the  surface 

lling,  and  subsidence  is  usually  indicated  by  cracks  in  the  hill- 

>ides.     The  Largest  single  area  affected  was  reported  to  be  one  acre 

which  subsided  from  6  to  12  inches.* 

13.     District  IV. — In  District  IV  the  No.  5  coal  is  mined.     The 

age  thickness  of  this  coal  is  4  feet,  8  inches  according  to  data 

*    240    mines    and   given   in   the    Thirty-first    Annual    Coal 

>rt  of  Illinois.     The  No.  5  bed  outcrops  in  Peoria,  Fulton,  and 

3,  but   is  found  at  greater  depths  toward  the  east.     It 

m  300  to  600  feet  below  the  surface  in  Macon  County,  400  feet 

in  IffeLean,  and  from  260  to  300  feet  in  Logan. 

Ti  is  of  black  sheety  shale  varying  in  thickness  from  a 

>   feet  and  containing  occasionally   * '  niggerheads ' ' 

In   many   mines  there  is,   in  places,   a  layer  of  pyrite 

inches  thick  between  the  coal  and  the  shale.     Where 

ent,  the  shale  is  protected  from  the  air  and  stays 

BPi  "":  present,  the  shale  falls  badly  and  sometimes  caves 

feet.     A  limestone  occurs  above  the  shale  in  most 

as  few  places  a  fine  grained  micaceous  sandstone  is 

I  the  shale  is  absent,  and  the  cap  rock  becomes 

->   day  veins  extend  through  the  coal  and  the  roof 
!  faults,  slips,  and  rolls,  and  places  where 

rt  Miata*   Practice  in   District  III."   III.  Coal  Min.  Invest.,   Bui.  9, 
1  mq-  Mm,r'K  ln   Illinois.-   111.  Coal  Min.  Invest.,  Bui.   13,   1»16 
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the  coal  has  been  eroded  and  the  space  lias  been  filled  with  drift.  It 
is  difficult,  therefore,  to  calculate  the  total  tonnage  and  to  project 
any  plan  of  operation.  In  many  places  the  coal  adheres  to  the  roof 
and  separates  from  it  with  difficulty.  In  one  mine  about  an  inch 
of  coal  is  left  to  protect  the  roof  shale  from  the  air.  In  most 
mines  the  floor  consists  of  a  dark  gray  clay  which  heaves  badly 
when  wet. 

Operations  are  conducted  on  the  unmodified  room-and-pillar  system 
or  on  the  so-called  panel  system.  Dimensions  of  workings  are  given 
in  Table  3.  There  are  also  four  mines  in  the  district  which  are  oper- 
ated on  the  long-wall  system.  Mining  methods  have  not  been  given  very 
careful  attention,  and  the  variations  in  the  coal  bed  tend  to  minimize 
the  effect  of  such  attention  as  has  been  given.  The  method  of  mining 
generally  practiced  in  the  district  involves  the  running  of  parallel 
main  entries  from  the  shaft  toward  the  boundaries,  and  the  turning  of 
cross  entries  from  the  main  entries  at  intervals  of  350  to  400  feet. 
Rooms  are  turned  off  these  cross  entries  on  30-foot  to  42-foot 
centers,  and  are  driven  20  to  30  feet  wide.  Room  pillars  average 
9  feet  in  width  and  rooms  26  feet,  but  pillars  are  gouged  as  the 
miner  pleases.  This  haphazard  method  is  productive  of  so  many 
squeezes  that  in  some  mines  a  modification  of  the  system  has 
been  employed  in  which  stub  or  room  entries  are  turned  off  the 
cross  entries.  This  method  approaches  the  panel  system  and  is  called, 
locally,  u  block-room-and-pillar."  Sometimes  a  sufficiently  large  cross 
barrier  pillar  is  left  to  confine  a  squeeze  to  the  block  in  which  it 
originates,  but  generally  the  barrier  pillar  is  gouged  and  squeezes 
ride  over  it  unchecked  until  they  reach  a  horseback  or  some  un gouged 
pillar  which  is  large  enough  to  stop  them.  In  several  mines  squeezes 
originating  in  rooms  have  traveled  to  the  main  barrier  pillar  and 
to  the  solid  coal  at  the  entry  face.  In  one  mine  an  entry  was  saved 
from  a  threatened  squeeze  by  \^vy  heavy  timbering  ahead  of  the 
squeeze. 

Eleven  of  the  sixteen  mines  examined  are  at  present  operated 
on  this  semi-panel  system,  but  the  relative  dimensions  of  room  and 
room  pillar  have  not  been  changed  From  previous  operations.  These 
dimensions  are  not  sat*'  under  the  roof  found  in  the  district.  Room 
width  is  not  uniform,  but  rooms  are  narrowed  to  avoid  horsebacks 
and  widened  again  where  the  coal  resumes  its  normal  thickness. 
There  is  a  temptation  to  get  all  the  coal   possible  on  the  advance. 
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the  numerous  rolls  make  uncertain  the  total  tonnage  which 

kracted    from  any   area,  and  the  rolls  interfere  seriously 

with   any   projected  plan  since  cutting  through  them  is  expensive. 

Irawn  in  only  a  few  mines,  and  in  these  drawing  is 

stematically  but  is  confined  to  shooting  slabs  off  the  thick- 

t  the  pillars.     Room  pillars  are  tapered  to  cross-cuts  in 

■.11  mines.     In  one  ease  an  attempt  was  made  to  draw  pillars, 

and  I  track  was  laid  along  the  rib,  but  objections  were  raised  by 

the  miners  to  this  position  of  the  track,  and  the  attempt  was  aban- 

doned.     Principally  because  of  the  insufficient  pillar-width,  the  floor 

clay  heaves  badly  even  when  dry.* 

Nineteen  mines  were  examined  in  this  district,  and  the  estimates  of 

ge  of  recovery  furnished  at  seventeen  ranged  from  55 

75  it.    averaging   67.26   per   cent.     It   is   probable   that 

of  the  estimates   are  too  high  for,   although   the  gouging  of 

j. ill;;  Is  toward  high  percentage  of  extraction,  careless  methods 

;lt  in  the  loss  of  much  larger  quantities  of  coal  than  is 

supposed.     One  company,  which  has  given  careful  attention  to  the 

forms  and  dimensions  of  its  workings,  is  extracting  about  70  per  cent 

of  the  coal.     It  is  doubtful  however,  if  the  extraction  throughout  the 

a  whole  amounts  to  60  per  cent. 

14.     Ditti        V. — Bed  No.  5  in  Saline  and  Gallatin  Counties  lies 

25  to  450  feet,  being  nearest  the  surface  along  the 

i  portion  of  the  district.     The  bed  varies  in  thickness  from 

and  averages  5^  feet  in  Saline  County  and  4  feet  in 

<  lounty. 

roof  of  the  No.  5  coal  in  this  district  is  of  shale  which  is 

aminated  and  interbedded  locally  with  bone  and  stringers 

of  o  distance  6f  3  feet  above  the  seam.     The  roof  usually 

many   concretions   of   iron   pyrites   called   ' '  niggerheads. ' ' 

quickly   when   wide  spans  are  left  supported,   and  it  is 

it   shows   a   plainly  marked  parting  not  more  than  4 

>;i!  :  but  such  a  parting  rarely  occurs  and  the  coal 

thin  that  the  top  coal  cannot  profitably  be  left  in  place. 

falls  which  can  be  avoided  only  by  making  entries 

nar  •:  ;it  present. 
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The  floor  is  of  fire  clay  which  in  places  contains  much  sand  and 
heaves  badly  when  wet.  The  bed  contains  many  hills  and  rolls 
causing  grades  as  high  as  15  per  cent  in  the  entries  of  some  mines. 
The  coal  is  not  pinched  out  at  these  hills,  but  follows  the  contours 
with  undiminished  thickness.  In  some  mines  about  9  inches  of  bottom 
coal  is  left  below  a  ' '  blue  band, ' '  but  as  this  bottom  coal  is  not  of 
good  quality,  increased  facility  in  shooting  compensates  for  the  loss  of 
coal. 

The  room-and-pillar  system  of  mining  is  used  exclusively,  a  main 
haulage  entry  and  a  parallel  air-course  being  noted  in  every  mine 
examined  except  one, —  in  which  triple  main  entries  were  driven, 
two  for  intake  air  and  one  for  return  air  and  haulage.  In  the  smaller 
mines  and  in  many  of  the  larger  ones,  the  dimensions  of  workings 
are  not  suited  to  the  roof  conditions.  The  main  entries  vary  in  width 
from  14  to  16  feet.  A  few  shaft  pillars  have  been  gouged.  The 
room  stumps,  which  are  left  when  rooms  are  turned  off  the  cross 
entries,  are  generally  small.  The  closing  of  entries  by  roof  falls 
may  often  be  attributed  to  local  squeezes  which  ride  over  the  room 
stumps.  Table  3  gives  dimensions  of  workings  for  each  mine  exam- 
ined. 

The  custom  of  driving  wide  rooms  and  entries,  of  leaving  narrow 
pillars  throughout  the  mine,  and  of  obtaining  all  the  coal  possible  on 
the  advance  without  attempting  to  draw  pillars  has  resulted  in  a 
high  percentage  of  extraction  for  Illinois  mines.     The  percentages 
given  in  Table  3  were  calculated  from  the  most  nearly  exact  data 
obtainable  at  the  time  of  their  publication  but  are  unquestionably 
too  high.     This  reported  extraction,  averaging  67.1  per  cent  for  the 
seven  mines  examined,  was  accomplished  only  with  greatly  increased 
expense  for  cleaning  up.*     One  of  the  large  operators  of  this  dis- 
trict reports  an  average    recovery  at  ten  mines  of  60.5  per  cent  over 
a  5-year  period  with  a  maximum  of  72  per  cent  and  a  minimum  of 
52  per  cent  where  the  cover  varies  from  60  to  414  feet.    Pillar  draw- 
ing is  not  practiced,  and  it  would  be  impossible  to  gain  the  percent- 
ages of  coal  given  in  the  table  if  the  dimensions  given  were  adhered 
to,  but  pillars  are  gouged  to  such  an  extent  that  there  should  be  a 
higher  percentage  of  extraction  than  is  calculated  from  the  dimen- 
sions of  rooms  and  pillars  in  the  table. 


•Andros     8.    O.,    "Coal    Mining   Practice    in    District    V."    III.    Coal    Min.    Inwst      Bui     f» 
pp.  9  and  12,   1914. 
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riei  W— This  district  has  experienced  a  rapid  develop* 

the  No.  6  coal  commands  a  ready  market;  consequently 

mining  on  a  large  scale  is  possible.    Bed  No.  6  lies  close  to  the  surface 

•long  the  Duquoin  anticline*  but  dips  sharply  to  the  east,  reaching 

feet  at  Sesser.     A  general  uplift  has  brought  it  to 

the  surface  along  an  east-west  line  extending  through  Carterville  to 

-ion  and  along  a  southeast  line  from  Marion  to  the  boundary  of 

the  district.      Bast   of  the  area  affected  by  the  Duquoin  anticline, 

the  bed  has  a  pronounced  dip  to  the  north.     Along  the  outcrop  line 

there  are  a  few  slopes  and  strippings,  but  the  steep  dip  of  the  bed 

leaves  only  a  small  acreage  with  thin  cover,  and  the  remaining  open- 

ahafts.     The  seam  itself  is  thick,  ranging  from  iy2  to  14 

id  averaging,  as  shown  by  130  borings,  9  feet,  5  inches.     A 

clean  persistent  parting  of  mother  coal  lies  14  to  24  inches  below  the 

top  of  the  bed,  and  a  second  parting  generally  appears  5  to  8  inches 

lower  down.    Above  the  upper  parting  the  coal  occurs  in  layers  3  to  6 

inches  thick,  with  partings  of  mother  coal  between  them. 

The  immediate  roof  consists  of  a  gray  shale  15  to  110  feet 
thick.  This  shale  does  not  stand  well  when  the  coal  is  removed,  and 
the  top  coal  is  generally  left  as  a  roof,  at  least  until  the  rooms  are 
finished.  The  bottom  is  generally  of  clay,  four  inches  to  eight  feet 
thick,  below  which  is  limestone.  There  is  only  one  persistent  band 
of  impurity  in  the  bed.  This,  which  is  known  as  the  blue  band, 
illy  consists  of  bone  or  shaly  coal  and  is  found  uniformly  at 
a  height  of  18  to  30  inches  from  the  bottom.  Its  thickness  varies 
from  J-.-inch  to  2y2  inches. f 

The  lar^re  number  of  squeezes  which  have  occurred  in  mines  of 

I  would  seem  to  indicate  the  presence  of  one  or  more  thick 

k  among  the  overlying  strata.     A  study  of  the 

:'  numerous  wells  does  not,  however,  show  the  presence  of  any 

fcrong  bed  which  would  be  a  serious  obstacle  to  the  intro- 

:'  methods  allowing  a  larger  percentage  of  extraction.     The 

leal  Survey  makes  the  following  statement  concerning  the 

►ne:  er  a  large  part  of  the  area  within  25  feet 

a  limestone  cap  rock  which  in  places  rests  upon  the 

draw  slate  that  lies  between.     Where  the  lime- 


,*l  Mining  Practir,;   in   District  VI,"   111.  Coal  Min.   Invest.,  Bui.  8, 
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stone  cap  rock  is  not  present  within  25  feet  of  the  coal  it  may  be 
entirely  absent,  or  lie  at  a  considerably  greater  distance  above  the 
coal,  amounting  in  some  places  possibly  to  as  much  as  100  feet."* 
The  limestone  cap  rock  is  of  variable  thickness  up  to  about  11 
feet,  the  average  thickness  being  4  to  5  feet.t  In  some  places  sand- 
stones are  found  at  various  distances  above  the  coal,  but  none 
of  these  seems  to  be  close  enough  to  the  coal  to  affect  the  choice 
of  a  mining  method.  In  other  words,  it  seems  that  there  is  no  layer 
of  rock,  sufficiently  near  the  coal  to  require  serious  consideration, 
which  cannot  be  broken  by  careful  attention  to  the  proper  methods. 
An  examination  of  bore  hole  records  of  the  Connellsville  district  of 
Pennsylvania,  where  the  percentage  of  coal  extracted  is  very  high, 
indicates  that  there  is  more  difficulty  in  breaking  the  overlying  lay- 
ers of  rock  in  that  district  than  would  be  experienced  in  most  cases 
in  District  VI  of  Illinois.  At  a  few  mines  an  unusually  wide  room 
pillar  is  left  in  the  middle  of  a  panel  for  the  purpose  of  limiting 
the  area  affected  by  a  squeeze. 

According  to  Table  3,  all  mines  in  the  district,  except  strippings, 
are  worked  by  the  room-and-pillar  method  or  by  the  panel  method. 
Where  the  latter  is  employed,  frequently  no  attention  is  paid  to 
panel  pillars  so  that  the  advantage  of  this  method  in  the  stopping 
of  squeezes  is  largely  lost.  Practice  is  not  uniform  in  regard  to  the 
number  of  rooms,  which  may  be  as  low  as  14  or  as  high  as 
30,  turned  from  a  room  entry.  The  description  of  mining  prac- 
tice in  this  district  J  given  in  Bulletin  8  of  the  Cooperative  Investi- 
gations says,  "The  immediate  roof  overlying  the  coal  falls  in  slabs 
after  short  exposure  to  the  air  and  top  coal  is  usually  left  to  protect 
it,  but  the  cap  rock  is  a  tough  coherent  shale  which  does  not  break 
easily.  The  first  mines  opened  in  the  district  had  widths  of  rooms 
and  pillars  unsuitable  for  this  tough  cap  rock.  New  mines  as  they 
were  opened  adopted  the  dimensions  of  the  older  mines  and  a  great 
waste  has  resulted  through  the  loss  of  pillar  coal.  It  will  never  be 
possible  in  this  district  to  draw  any  considerable  portion  of  the 
pillars  where  rooms  20  to  29  feet  wide  are  driven  with  narrow  room 


*Cady,   Gilbert  H..    "Coal   Resources  of   District   VI,"    111.   Coal   Min.    Invest.,   Cooperative 
Agreement,   Bui.   15,   p.  88,   1916. 
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p.   12,   1914. 


IM  NCUNEERING    EXPERIMENT  STATION 

pillars.     Fear  of  yardage  charges  has  been  an  important  factor  in 

inmg  the  present  improper  dimensions.     .     .     .     With  present 

dim-  when  rooms  have  been  driven  200  to  300  feet  there  is  a 

supported  cap  rock.    If  an  attempt  is  made  to  draw 

such  conditions  a  squeeze  is  usually  started  which  often 

q  and  entry  pillars  and  sometimes  affects  a  large  acre- 

ae  mine  85  acres  were  squeezed;  in  another,  80." 

Hv  operations  were  carried  on  without  regard  to  the  possible 

squeezes.    Pillars  were  gouged  out  or  entirely  removed 

r  the  demand  for  coal  seemed  to  excuse  this  procedure;  a 

natural  consequence  was  the  occurrence  of  squeezes.     At  one  mine 

have  been  rive  squeezes  of  which  two  involved  about  80  acres 

.  one  about  40,  one  about  20,  and  one  possibly  10.     The  present 

plan    for   the   future  operation   of  this   mine   contemplates   leaving 

er  pillars  150  feet  wide  along  the  important  entries,  and  removing 

pillar   coal   later.     It   is   believed  that   this   plan   will   confine 

roof  movement  to  the  worked  out  areas  and  that  the  entry  pillars 

and  barriers  can  be  extracted  later.     This  plan  is  much  the  same 

shown  by  Fig.  32,  page  102. 

At    another   mine   a   large   squeeze   approached   within   125   feet 

ihaft  and  caused  a  depression  on  the  surface  which  neces- 

[rrading  of  a  considerable  amount  of  track,  including 

es.     Practice  at  this  mine  represents  one  extreme,  since 

le  at  room-pillar  drawing  beyond  driving  cross-cuts 

wide  at  the   ends   of  rooms,   and   as  much   coal   as 

on  the  advance.    An  attempt  will  be  made  to  take 

:•   and   entry   pillars   on  the   retreat.     Rooms   are  driven 

on    15-foot  centers,  and  cross-cuts  are  25  feet  wide. 

area  is  about  50  per  cent  and  the  top  coal,  which  is 

18  u  a  left  up. 

ery  of  coal  given  in  Table  3  are  unquestion- 

although  they  were  based  on  the  best  information  avail- 

1  he  average  percentage  of  extraction  in  District  VI 

per  cent,   and   it  is   probably  nearer  45  per 

:      of   mines   may  show   an   excavated    area    of    50 

more,  but  they  do  not  take  into  account  the  un- 

'.     The  thickness  of  coal  taken  out  is  generally  about 

7  fr  »al   ranging   from   a  few  inches  to   4  or   5  feet 

if  the  top  coal  is  ignored,  the  extraction 
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is  not  so  high  as  the  estimates  generally  indicate  because  of  Losses 
in  squeezed  areas  and  boundary  barriers. 

Special  investigations  on  the  subject  of  recovery  made  at  several 
mines  in  Franklin  County  gave  results  which  are  summarized  as 
follows : 

At  one  mine,  the  recovery  in  worked  out  areas  where  pillars 
are  not  drawn  is  about  65  per  cent;  where  the  pillars  are 
taken,  it  is  about  75  per  cent. 

At  another  mine,  close  observations  were  made  in  connec- 
tion with  a  study  of  subsidence.  In  a  panel  where  the  ex- 
traction was  considered  good  and  possibly  above  the  average 
for  the  mine  40  per  cent  of  the  coal  is  left  as  pillars.  Two 
feet  or  20  per  cent  of  the  thickness  of  the  bed  is  also  left 
as  top  coal,  and  the  loss  from  this  cause  would  be  20  per 
cent  of  the  remaining  60  per  cent  or  12  per  cent  of  the  total. 
The  total  loss  is  then  at  least  52  per  cent.  No  attempt  has 
been  made  to  extract  room  pillars,  but  some  entry  pillars 
are  taken,  and  top  coal  is  taken  over  the  area  in  which  these 
pillars  are  drawn. 

At  one  of  the  mines  where  the  thickness  of  the  coal  is  greater 
than  the  average,  little  pillar  work  has  been  done.  The  coal 
varies  from  9y2  to  nearly  16  feet  in  thickness,*  and  about 
9  feet  of  it  is  taken  out.  Generally  about  one  foot  of  coal  is 
left  on  the  bottom  to  avoid  the  possibility  of  taking  up  a  bed 
of  "black  jack"  which  is  not  easily  distinguishable  from  coal. 
This  black  jack  is  probably  a  coal  of  very  high  ash  content.  The 
leaving  of  bottom  coal  results  in  the  elevation  of  the  working 
place  in  the  bed  so  that  the  top  coal  left  is  only  3  feet  or 
even  less  in  thickness.  In  a  few  places  in  this  mine  some  pillar 
coal  has  been  taken  out.  Where  this  was  done,  break-throughs 
about  24  feet  wide  were  driven  at  the  ends  of  the  rooms. 
Then  work  was  commenced  at  the  ends  of  the  pillars,  and  coal 
was  taken  out  by  pick  work.  This  work  seems  to  have  been 
successful,  but  it  has  not  been  followed  systematically.  The 
largest  number  of  pillars  which  have  been  taken  together  was 
six,  and  no  attempt  was  made  to  obtain  a  break  in  the  root'. 


*Cadv,   O.  H.,    "Coal   Resources  of   District   VI,''   111.   Coal   Min.   Invest.,    Bui.    15. 
p.   68,    1916. 
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The  leaving  of  coal  on  the  bottom  is  a  practice  followed 
at  only  a  few  other  mines.  In  some  cases  where  the  blue  band 
thick  the  mining  is  done  above  it,  and  a  portion  of  the  upper 
pari  of  the  bed,  ordinarily  included  in  the  top  coal,  is  taken 
down.  At  two  mines  where  this  method  is  followed  in  part, 
the  blue  band  and  the  coal  below  it  are  left  in  where  the  blue 
band  is  thick  and  the  top  coal  is  taken  to  within  about  ten 
inel  the  roof,  at  which  point  there  is  a  parting.     Greater 

-  required  to  prevent  the  breaking  of  the  top  coal  where 
this  is  done. 

A-  one  of  the  mines  in  the  southern  part  of  Franklin  County 
a  little  pillar  coal  is  drawn,  though  pillar  coal  is  not  depended 
upon  for  an  important  part  of  the  output.  Eooms  are  25 
feet  wide  with  20-foot  pillars.  Rooms  are  holed  through 
into  those  of  adjoining  panels.  When  the  rooms  have  reached 
their  full  lengths,  cross-cuts  24  feet  wide  are  driven  across 
the  ends  of  the  pillars.  In  addition  to  these  cross-cuts  the 
pillars  are  probably  slabbed  to  some  extent.  The  coal  is  about 
feet  thick,  and  about  iy2  feet  of  top  coal  is  left  up.  No  bot- 
tom coal  is  left.  The  barrier  pillars  are  about  100  feet  thick. 
ak-throughs  are  21  feet  wide.  It  seems  hardly  proper  to 
speak  of  this  kind  of  work  as  the  extraction  of  pillar  coal,  but 
to  *  ata  a  practice  which  is  common  in  this  district. 

one  of  the  mines,  pillars  are  drawn,  beginning  in  the 

middle  of  a  panel,  in  six  rooms  at  a  time;  then  another  group 

,x  Pill*  tacked,  one  pillar  being  left  untouched  between 

the  groups.    This  is  simply  another  method  of  attempting  to  get 

as  much  coal  as  possible  before  being  driven  out  by  a  fall  of 

ot  an  attempt  to  break  the  cap  rock. 

latie  work  in  the  recovery  of  pillar  coal  as  done  at 

is  illustrated  in  Fig.  4.     The  mine  is  operated 

on  the  block  system  commonly  called  the  panel  system,  though 

re    not    kept   sufficiently   isolated   to   warrant   the 

the  term.     Cross  entries  are  driven  at  intervals  of  1,370 

.-I    pan.!    entries  arc   driven    through  from  cross   entry 

1      each    pair-   of   panel   entries   twenty-eight 

ftch  side  on  40-foot  centers.     A  barrier 

Pffl  ride  is  left  along  the  cross  entry.     After  the 

**'  ''  is  dnvf"  the  rooms  are  necked,  but  only  the  first 
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fourteen  rooms  on  each  side  of  the  room  entry  are  worked, 
and  these  are  finished  before  the  rooms  at  the  other  end  of 
the  panel  are  driven.  Break-throughs  are  normally  11  feet 
wide;  those  at  the  ends  of  the  rooms  are  24  feet  wide.  Pillar 
drawing  is  commenced  when  the  rooms  at  one  end  of  the 
panel    are    finished,    and    the    coal    is    taken    out    through    the 


PICK  WORK 


Fig.  4.     Pillar  Drawing  in  Franklin  County,  Illinois 

first  cross  entry,  that  is,  the  one  next  to  room  No.  1.  The  coal 
from  the  remaining  portion  of  the  panel  is  taken  out  through 
the  next  cross  entry,  that  is,  the  one  next  to  room  No.  28.  The 
advantage  of  this  method  lies  in  the  fact  that  the  extraction 
of  the  coal  from  the  second  half  of  the  panel  is  not  interfered 
with,  as  far  as  haulage  and  ventilation  are  concerned,  by  move- 
ments caused  by  pillar  drawing  in  the  first  half.  The  pillar 
coal  is  attacked  first  by  the  driving  of  24-fool  cross-cuts  at  the 
ends   of   the   rooms;    then    other   cuts    are    made    in    the   pillar 
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with  the  machine  in  such  manner  as  to  leave  stumps  be- 

tween  the   rata   and    the  break-throughs.     These   stumps   are 
a   Ear  as  possible  by  pick  work,  but  the  miners  are 
able  to  finish  as  much  work  with  the  machines  as 
desired  since  this  work  is  frequently  interrupted  by  move- 
ments of  the  roof.     As  much  of  the  coal  as  is  possible  is  then 
ten  out  with  picks.     While  the  work  at  this  mine  is  as  sys- 
tematic as  that  at  any  mine  in  southern  Illinois,  the  company 
has  do  exact  record  of  the  amount  of  pillar  coal  extracted, 
but   it   is  known  that  the  pick-mined  coal  amounts  to  approxi- 
mately 10  per  cent  of  the  output.     When  the  pillars  are  not 
drawn,  the  recovery  is  estimated  by  the  operators  to  be  about 
nt  :  when  they  are  taken,  the  estimates  run  about  75 
fT  cent. 

Through  the  courtesy  of  the  Franklin  County  Coal  Operators' 
tion     Illinois),  data  have  been  made  available  regarding  the 
•  >f  coal  in  that  county  as  presented  in  the  following  para- 
graphs : 

The  coal  mined  is  the  No.  6  bed  of  the  State  Geological 

Survey   classification.     Measurement  of  113  sections  taken  in 

the  largest  mines  in  the  county  gave  an  average  thick- 

nea  I  2   feet  of  coal,  the  average   minimum  thickness  for 

-inn.-  twelve  mines  being  8  feet,  and  the  average  maximum 

thickness  10.64  feet.    The  blue  band,  which  is  characteristic  of 

coal  bed,  varied  from  14  to  2  inches  in  thickness,  and 

distance  from  the  floor  was  21.5  inches.     Owing  to 

difficulty  of  keeping  up  the  shaly  material  above  the  coal 

i    the  top  coal  is  almost  universally  left  as  roof  protection, 

I.  up  to  the  present  time,  very  little  of  this  top  coal  has  been 

red,  although  some  operators  are  expecting  to  recover  it 

a  later  date  in  connection  with  pillar  drawing.     In  one  of 

from  which  the  data  were  obtained,  top  coal 

"ot  left  in  the  rooms.     This,  however,  is  exceptional  prac- 

thickness  of  the  top  coal  left  in  the  twelve 

ag  J  V2  feet.    The  average  thickness  of  coal  mined  was 

and  the  average  tonnage  per  acre  to  January  1,  1916 

This  is  equivalent  to  40.7  per  cent  extraction, 

"s..„„H  that  all  the  9.2-foot  bed  is  available  for  ship- 
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jnent,  or  to  41.6  per  cent  if  it  is  assumed  that  the  blue  band 
and  refuse  discarded  in  the  loading,  or  0.2  foot,  is  deducted 
from  the  thickness  of  the  bed.  A  very  careful  estimate  for 
each  of  the  twelve  mines  noted,  made  by  dividing  the  total 
amount  of  coal  in  the  area  mined  up  to  January  1,  1916  into 
the  actual  shipments  since  the  mine  began  operating,  gave  per- 
centages of  extraction  varying  from  37.7  to  49.5,  or  an  aver; 
of  41.4  per  cent.* 

For  six  of  the  twelve  mines,  data  were  available  for  the  average 
percentage  of  extraction  in  the  portion  of  the  bed  actually  mined; 
that  is,  the  total  thickness  less  the  top  coal  left  up  to  protect  the 
roof.  This  average  is  48.65.  These  mines  are  all  comparatively  new 
mines,  and  in  only  a  few  cases  has  any  portion  of  the  workings 
reached  the  boundary  so  as  to  permit  drawing  the  pillars  in  return 
workings.  At  many  of  the  mines  it  is  hoped  to  increase  the  per- 
centages of  extraction  through  subsequent  pillar  drawings,  but  the 
amount  of  such  increase  is,  of  course,  problematical.  In  many  in- 
stances squeezes  have  already  occurred,  but  as  a  general  thing  only 
the  room  pillars  have  been  affected. 

The  twelve  mines  under  discussion  are  representative  of  the 
practice  in  Franklin  County  and  to  a  great  extent  of  that  of  southern 
Illinois.  In  a  number  of  these  mines  experiments  are  now  being 
conducted  to  determine  in  what  respect  present  methods  of  working 
may  be  modified  to  yield  a  larger  percentage  of  extraction.  Although 
these  mines  are  operating  under  practically  the  same  physical  con- 
ditions and  all  on  the  panel  system,  the  variation  in  the  detailed 
operations,  such  as  the  number  of  rooms  per  panel,  or  the  width 
of  barrier  pillars,  indicate  the  necessity  for  a  critical  comparative 
study  of  details  to  determine  the  best  method  for  the  given  conditions. 

Investigations  in  Williamson  County  supplied  the  following  facts : 

At  one  mine   rooms   are   21  feet  wide  on  40-foot   center- 
From  2  to  2y2  feet  of  top  coal  is  generally  left  up  on  the  ad- 
vance.    In  one  part  of  the  mine  the  coal  is  11  feet  thick  ami 
only  iy2  feet  of  it  is  taken  out.     It  is  estimated   that  40  to 
50  per  cent  of  the  pillar  coal  is  won.    The  top  coal,  which  is  the 


*  The  Peabody  Coal  Company  reports  that  the  percentages  of  extraction   nt    its  four  no 
in  this  district  are  67,  63,  55,  and  55. 
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It  part  of  the  bed,  is  taken  out  when  the  pillars  are  drawn. 

There  are  no  definite  records  on  recovery,  but  it  is  probable 

that  55  or  60  per  cent  is  gained.     If  7y2  of  the  11  feet  are 

rei  and  40  per  cent  of  the  pillars  and  all  the  top  coal 

r  the  area  in  which  the  pillars  are  drawn  are  removed,  the 

[traction  is  about  60  per  cent. 

In   another   mine   a   rather   high   percentage   of   extraction 

lined  because  of  favorable  conditions  which  permit  the 

Leaving  of  small  pillars.    The  coal  is  9  feet  thick  and  the  depth 

only  inn  feet    Rooms  are  24  feet  wide  on  35-foot  centers.    In 

•op   coal,   about   20   inches   thick,   is   left    if    the 

machine   runners   think  the  top   is   insecure.     Probably  from 

to  70  per  cent  of  the  coal  is  taken  out.     No  pillar  work 

ild  be  done  with  rooms  and  pillars  of  these  dimensions,  but 

on  one  side  of  the  mine  15-foot  pillars  are  now  being  left  with 

the  intention  of  taking  them  out  on  the  retreat. 

At  some  mines  in  the  western  part  of  Williamson  County 
\siderable  trouble  has  been  experienced,  because  large  quan- 
tities of  water  enter  when  the  top  is  broken.     The  cover  here 
is  only  about  100  feet  thick  and  there  are  only  3  to  4  feet 
of  solid  rock.     The  rooms  of  one  mine  are  20  feet  wide  and 
are   driven   on   40-foot   centers,    although   they   are   sometimes 
r-rowded.      Some    rooms    were    driven    on  32-foot    centers,    but 
the    pillars    were    not    sufficient    to    prevent    squeezes.     En- 
tries are  12  feet  wide  and  entry  pillars  20  and  25  feet  wide. 
d   is  5  to  11  feet  thick  with  an  average  thickness  of 
8  feet.     Top  coal  averages  20  inches  in  thickness.     Above  the 
hale;  above  this  is  a  so-called  soapstone,  ranging  from 
f^et  in  thickness  and  averaging  about  4  feet ;  and  above 
a  black  shale.     In  some  places  a  draw  slate  from  1  to 
thick  occurs  above  the  coal,  and  above  this  is  limestone 
thick.    Where  is  no  draw  slate,  there  is  no  lime- 
An  unconsolidated  sand  is  found  in  some  places  above 
d.    The  pillars  are  sometimes  slabbed  a  little  to  compen- 
50al  left  in  entry  and  barrier  pillars.     When  this 
lone,  the  extraction    amounts    to    about    50    per 
■on  extra  cross-cuts  are  taken,  and  the  extrac- 

ted   to    about    75    per    cent.      On    the 
on     is    estimated    to    be    about    60    per 
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cent, —  an  estimate  which  is  probably  reliable  since  the  work 
is  more  carefully  done  here  than  at  many  other  mines  of  the 
district.  Where  more  than  60  per  cent  of  the  coal  is  taken 
out  in  this  mine,  the  roof  breaks  and  water  enters  in  large 
quantities.  Although  the  amount  of  water  is  influenced  by 
precipitation,  the  flow  is  continuous.  In  one  case  where  the 
rock  had  been  broken  and  a  large  quantity  of  water  had  entered 
the  mine,  it  was  thought  that  the  strata  was  drained  to  some 
extent  and  that  it  would  be  possible  to  allow  the  top  to  break 
at  a  slightly  higher  elevation.  It  was  found,  however,  that 
the  new  break  allowed  a  large  amount  of  water  to  enter  the 
mine,  and  it  has  been  impossible  for  the  company  to  do  any 
pillar  work.  It  is  planned,  as  some  of  the  workings  reach  the 
boundaries,  to  draw  pillar  coal.  In  these  cases  pumps  will 
already  have  been  installed,  and  it  will  be  possible  to  conduct 
the  water  to  these.  The  water,  moreover,  will  be  entering  in 
abandoned  places  and  not  between  the  workers  and  the  shafts. 
Some  of  the  workings  are  now  not  far  from  the  boundaries, 
and  the  plan  can  be  put  into  operation  in  the  near  future. 

At  another  mine  the  coal  is  9  feet  thick,  the  top  is  of  white 
shale,  and  the  bottom  of  fire  clay.  The  top  coal  is  about  2  feet 
thick.  The  mine  is  operated  on  the  panel  system.  No  pillars 
are  drawn  until  the  rooms  on  an  entry  have  been  finished ; 
then  a  cross-cut  three  machine-cuts  wide,  or  about  20  feet, 
is  driven  at  the  ends  of  the  pillars  in  about  half  the  rooms  on 
the  inside  end  of  the  stub.  Following  this,  another  cross-cut 
is  made  farther  back  in  the  pillar  leaving  a  stump  about  10 
feet  wide.  The  distance  between  the  first  and  second  cuts  varies 
according  to  conditions,  or  according  to  the  judgment  or  incli- 
nation of  the  machine  men.  If  it  is  made  farther  back,  some 
of  the  pillar  coal  is  lost.  This  operation  is  repeated  until 
the  first  break-through  in  each  pillar  is  reached,  the  remainder 
of  the  pillar  being  left  standing  until  all  the  rooms  on  the  stub 
are  finished;  then  the  room  stump  and  the  entry  pillars  are 
drawn.  No  effort  is  made  to  obtain  a  break  in  the  roof,  and 
the  leaving  of  stumps  of  pillars  is  likely,  by  partially  sustain- 
ing the  roof,  to  bring  on  a  squeeze.  At  present  the  driving  of 
rooms  without  necks  is  being  tried,  the  purpose  being  to  avoid 
payment  for  narrow  work;   and   it   is  believed  there  will   not 
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he  sufficient   difference  between  the  support   left  under  that 
ami  that  left  under  the  present  system  to  endanger  the 
These  rooms  without  necks  are  turned  six  machine- 
ruts  wide  and  are  widened  to  seven  cuts  beyond  the  first  cross- 
it. 
A-  another  mine  the  average  thickness  of  the  coal  is  9  feet, 
4  inches.     The  top  coal  is  about  2  feet  thick  and  is  left  up 
until  the  pillars  have  been  partly  drawn  back,  being  taken  down 
If   before  the  track  is  removed.     There  is  generally  a  good 
parting  between  the  main  bed  and  the  top  coal,  which  is  said 
to  be  poorer  than  the  main  bed.    Above  the  bed  is  shale  of  un- 
known thickness,  which  has  never  broken  high  enough  to  expose 
any  other  rock  above  it.    This  shale  slacks  when  exposed  to  the 
air.     It  does  not  form  a  very  good  top  and  most  of  the  entries 
timbered.     The  bottom  is  generally  of  clay,  but  in  some 
places  limestone  appears  next  to  the  coal.     Rooms  are  20  feet 
wide  on  30-  to  35-foot  centers  and  are  185  to  190  feet  long. 
Stub  entries  are  turned  on  400-foot  centers,  and  16  to  18  rooms 
are  turned  from  a  stub.  The  room  pillars  are  gouged  to  a  con- 
lerable  extent     It  is  planned  that  all  the  rooms  in  a  panel 
Jl   be  driven  to  their  full   length  before  pillar  drawing  is 
1.  but  this  plan  is  not  always  followed,  and  squeez- 
i  mes  commences  before  all  the  pillars  can  be  attacked. 
of  course,  is  promoted  by  the  gouging  of  room  pillars. 
When  the  rooms  are  finished,  cross-cuts  20  feet  wide  are  driven 
with   breast   machines.      The   rest   of   the    pillar 
work  is  generally  done  with  picks  though  machines  are  used 
when   possible.     Movement  of  the  roof,  however,  generally  in- 
heres with  machine  work  after  the  first  cross-cut.     The  pick 
work  generally  consists  of  slabbing  along  the  sides  of  pillars, 
machine*  are  sometimes  used.     Squeezes  have  always  been 
panels,  and  no  entries  have  been  lost  until  the 
iiave  been  drawn.     A  careful  computation,  based 
tmparison   between  the  actual  area  worked  and  the 
m  hoisted,  shows  that  the  extraction  at  this  mine 
eent.     This  is  one  of  the  most  thoroughly 
in  the  No.  6  bed,  and  the  estimation  of  percent- 
**"  ?i"»  is  undoubtedly  as  close  as  any  that  has  been 

found  furnish  one  of  the  reasons  for  the 
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statement  that  extraction  in  most  mines  of  the  district  is  less 
than  the  operators  of  the  mines  believe  it  to  be. 

At  a  Perry  County  mine  the  general  system  is  the  same  as  in 
Williamson  County.  Room  entries  are  driven  through  from  cross 
entry  to  cross  entry.  A  somewhat  closer  adherence  to  the  panel 
system  is  to  be  noted,  however,  in  that  25-foot  pillars  are  left 
at  the  ends  of  rooms.  Rooms  are  24  feet  wide  on  60-foot  centers, 
and  they  are  driven  250  feet  long.  Break-throughs  are  staggered. 
When  the  room  is  completed,  an  18-foot  cross-cut  is  driven 
through  the  pillar  at  the  end.  Top  coal,  about  3  feet  thick  (the 
best  of  the  bed  in  quality*  as  it  is  at  the  mine  last  mentioned),  is  left 
up  until  pillar  drawing  commences.  Pillar  drawing  is  commenced  in 
the  middle  of  the  panel.  After  the  completion  of  the  cross-cut  at  the 
end  of  the  first  pillar  attacked,  the  top  coal  is  loosened  by  a  light  shot 
near  each  rib.  Work  on  the  pillars  is  then  prosecuted  by  making  a 
cut  through  the  pillar,  if  the  condition  of  the  top  will  permit,  wide 
enough  to  leave  an  8-foot  stump  at  the  end  of  the  pillar  and  another 
of  the  same  dimension  next  to  the  nearest  break-through.  These  two 
8-foot  stumps  and  whatever  is  left  by  the  machines  are  taken  out  by 
hand  work.  Two  men  are  used  on  solid  work  and  two  on  the  machine. 
This  method  has  been  found  successful  and  a  considerable  amount  of 
pillar  coal  has  been  recovered,  but  pillar  drawing  is  not  a  necessary 
part  of  the  system  and  is  not  always  carried  out.  Where  the  pillar 
coal  and  the  top  coal  are  taken,  the  recovery  is  said  to  be  from  75  to 
80  per  cent  of  the  coal  in  the  area  actually  worked. 

Several  plans  are  now  being  tried  or  considered  for  the  more  nearly 
complete  extraction  of  the  coal  in  this  district.  One  of  these,  which 
has  so  far  been  given  only  an  incomplete  test,  is  a  panel  long-wall 
method.  Double  entries,  which  would  have  been  the  room  entries  of 
a  panel  under  the  ordinary  methods  of  operation,  were  driven  340  feet 
long.  At  the  end,  two  rooms  were  driven  on  each  side  separated  by 
25-foot  pillars.  The  rooms  at  the  extreme  end  of  the  block  on  each 
side  were  9  feet  wide  and  the  ones  further  back  were  18  feet  wide; 
each  was  200  feet  long.  They  were  connected  at  the  ends  so  that 
ventilation  was  obtained,  the  course  of  the  air  current  being  as  shown 


*  For  a  discussion  of  the  differences  between  the  top  coal  and  the  remainder  of  the  bed 
see  "Chemical  Study  of  Illinois  Coals,"  by  S.  W.  Parr.  Ill  Coal  Kin.  Invest..  Bui.  8 
p.   49.    1916. 
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in  F  Then  the  outby  ribs  of  the  18-foot  rooms  were  worked  as 

-  by  continuous-cutting  chain  machines  making  a  6-foot 
cut.    Ti  i>ehind  the  working  face  was  propped.     It  was  the  in- 

tention to  .support  the  immediate  roof  until  the  face  had  advanced 
some  distance  and  then  to  make  an  attempt  to  break  the  overlying  rock 
by  the  withdrawal  of  the  props.    This  plan  was  found  to  be  impossible, 


Fig.  5.     Panel  Long- wall 

8  top  fell  when  the  face  had  advanced  only  about  40 

n  condition*  made  it  necessary  to  discontinue  the  experiment 

In  operating  by  this  method,  sprags  were  placed  in  the 

machine  to  prevent  the  premature  fall  of  the  coal. 

1  in  getting  the  coal  down;  it  was  produced 

easily  handled.     At  present  it  is  not  known 

n  be  broken  along  the  desired  line,  but  it  will  be  seen 

*y   WO  feet  long  and  that  it  is  interrupted  in  the 
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center  by  the  entry  pillar.  Even  if  it  is  not  possible  to  break  the  top 
and  to  work  the  coal  back  continuously  on  two  longwall  faces,  it  seems 
that  the  attack  can  be  repeated  farther  back  in  the  block  and  that  coal 
can  be  produced  as  cheaply  as  by  the  ordinary  method ;  also  that  a 
much  higher  percentage  of  extraction  can  be  attained.  If  it  should  be 
necessary  to  follow  the  method  by  repeated  attacks  on  the  block,  there 
would  be  some  resemblance  to  the  "single  room"  method  successfully 
worked  in  West  Virginia. 

Various  other  plans  for  higher  extraction  have  been  suggested  and 
some  have  been  partly  applied,  but  the  great  demand  for  coal,  which 
has  been  stimulated  by  the  European  War,  has  caused  coal  producers 
to  concentrate  all  their  attention  upon  the  immediate  production  of  a 
large  tonnage.  Anything  in  the  nature  of  experimental  work  will  be 
postponed  until  the  return  of  more  nearly  normal  conditions,  but  there 
is  reason  to  believe  that  successful  efforts  will  be  made  to  increase  the 
percentage  of  extraction  and  that  the  present  large  loss  will  be  greatly 
decreased. 

16.  District  VII. — The  coal  worked  in  District  VII  is  the  No.  6 
bed  on  the  west  side  of  the  Duquoin  anticline.  The  thickness  varies 
from  21/2  feet  to  14  feet  and  averages  about  7  feet.  There  is  a  well 
defined  parting  plane  in  the  coal  about  18  inches  from  the  roof. 
Where  the  roof  is  of  black  shale  and  where  the  coal  is  7  feet  or 
more  in  thickness,  the  upper  bench  or  "top  coal"  is  left.  The  roof 
is  a  non-calcareous  black  shale,  a  calcareous  gray  shale  called  locally 
"white  top"  or  "soapstone,"  an  unconsolidated  dark  gray  or  black 
shale  called  "clod"  and  made  up  of  fragments  of  varying  size  and 
hardness  extremely  difficult  to  support,  or  a  hard  gray  limestone  called 
"rock  top."  A  poorly  defined  cleat  or  cleavage  in  the  coal  may  be  seen 
in  some  places.  The  floor  throughout  the  district  is  of  fire  clay 
which  generally  heaves  when  wet. 

The  thickness  of  the  coal  is  almost  ideal  for  easy  working  and  for 
large  production;  some  of  the  mines  have  obtained  daily  capacities 
which  rank  among  the  highest  in  the  world.  The  older  mines  have 
been  worked  without  much  regard  to  system,  but  the  newer  ones  are 
more  carefully  planned.  The  planning,  however,  is  directed  toward 
large  daily  production  rather  than  toward  a  high  percentage  of  extrac- 
tion. 

Varying   roof  conditions  often   make   different   entry   and   room 
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iry  in  different  sections  of  a  mine.    In  many  mines  the 
mtr  I  rooms  under  rock  top  are  too  wide  and  the  pillars  too 

narrow,— a  condition  responsible  for  squeezes  which  sometimes  have 
endangered  even  the  shaft  Squeezes  have  occurred  in  thirteen  of  the 
twenty-live  mines  examined  in  this  district;  they  have  generally  begun 
in  sections  in  which  the  roof  was  of  limestone.  In  mines  in  which  the 
rooms  an  not  frequently  surveyed  there  is  no  definite  knowledge  of 
i -pillar  width  except  at  cross-cuts.  Table  3  gives  dimensions  of 
ironings  at  each  of  the  mines  examined. 

In  ten  of  the  mines  examined  where  the  immediate  roof  was  of 

thick  Mack  shale,  top  coal  was  left  to  prevent  variations  of  temperature 

and  humidity  from  affecting  the  shale  of  the  roof  proper,  which  spalls 

badly  when  exposed  to  the  air.    Where  no  top  coal  is  left,  this  black 

shale  usually  falls  with  the  coal  or  is  drawn.    Where  there  is  less  than 

four  inches  of  shale  between  the  coal  and  the  limestone,  the  shale  is 

drawn.    In  some  mines  where  the  latter  is  more  than  four  inches  thick 

it  is  propped ;  in  others  it  is  drawn,  unless  it  is  more  than  two  feet  in 

thickness.*     The  Peabody  Coal  Company  reports  extractions  at  its 

mines  in  this  district  of  65,  62,  60  and  50  per  cent.    At  the  twenty-five 

examined,  the  average  estimated  percentage  of  recovery  fur- 

ed  by  the  operators  was  55.5  per  cent.    So  far  as  is  known,  no 

efforN  have  been  made  to  extract  a  higher  percentage  of  coal.     The 

reason  for  this  attitude  is  to  be  found  partly  in  the  condition  of  the 

surface,  which  in  many  places  is  so  nearly  level  that  any  noticeable 

disturbs  the  drainage  and  effects  the  value  of  the  surface 

-    cultural  purposes. 

abandonment  of  a  large  percentage  of  the  coal  is  a 
ill   of  the  difficulties  experienced  in  attempting  to  secure  satis- 
fy agm  a  with  the  owners  of  the  surface.    In  some  cases  the 
f  coal  rights  are  not  the  owners  of  the  surface  and  are  not  free 
oaibility   for  surface  damage.     Since  the  operators  have 
1  tn?lt  !  of  damage  caused  by  subsidence  are  likely  to 
ry  high,  it  has  become  the  custom  to  operate  the  mines  under 
ich  will  avoid  subsidence.    Unfortunately  it  has  not  been 
amount  of  coal  which  must  be  left  in  the 
md  subsidences  have  sometimes  occurred  when  it 
was  thought  tl             dent  coal  had  been  left. 

p    1*1  l"  District  VII."  111.  Coal.  Min.  Invert.,  Bui.  4. 
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Even  where  low  value  of  the  land  or  good  drainage  reduces  the 
cost  of  possible  injury  to  the  surface  by  subsidence,  no  effort  is  made  to 
secure  a  higher  extraction.  The  occurrence  of  squeezes  is  feared,  and 
experience  shows  that  the  only  way  to  prevent  them  without  radically 
changing  the  system  of  mining  is  to  leave  large  amounts  of  coal  in  the 
form  of  pillars.     One  company  which  was  formerly  getting  50  to  60 


Fig.  6.    Plan  of  an  Operation  in  Macoupin  County,  Illinois,  Showing 
Extraction  in  a  Limited  Area 

per  cent  of  the  coal  with  frequent  squeezes  and  subsidence  has  changed 
the  dimensions  of  rooms  and  pillars  so  that  now  only  40  to  50  per  cent 
is  obtained.  Thus  far,  with  the  new  dimensions,  squeezes  have  not 
occurred.  No  effort  has  been  made  to  extract  pillars  systematically 
with  the  purpose  of  breaking  the  cap  rock  and  tlni^  preventing  a 
squeeze  by  relieving  the  stress  on  the  pillars,  but  there  is  nothing  to 
indicate  that  this  plan  could  not  be  carried  out. 

The  plan  of  a  portion  of  one  of  the  mines  is  shown  as  Fig.  6.    This 
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may  be  taken  as  a  fairly  typical  projection  of  large  mines  in  this  dis- 
trict. In  many  of  the  mines,  including  parts  of  the  one  illustrated, 
the  workings  are  on  a  panel  system,  but  probably  not  enough  attention 
is  paid  to  the  matter  of  leaving  pillars  sufficiently  wide  to  prevent  the 
spread  of  squeezes  beyond  the  boundaries  of  the  panels.  This  illustra- 
tion is  presented,  because  the  mine  was  surveyed  with  unusual  care  in 

mection  with  an  investigation  of  subsidence  which  is  being  carried 
on  by  the  Cooperative  Coal  Mining  Investigations.  The  rooms  and 
pillars  are  about  30  feet  wide;  this  dimension  was  adopted  with 
the  belief  that  the  top  would  be  held  up  by  pillars  of  this  width  left 

ween  30-foot  rooms.  It  had  been  found  that  the  roof  would  fall  if 
_  fool  pillars  were  left  between  25-foot  rooms.  In  the  restricted  area 
measured,  the  extraction  amounts  to  59.2  per  cent  of  the  area  worked ; 
that  is.  40.8  per  cent  of  the  area  has  been  left  as  pillars. 

17.  District  VIII. — In  District  VIII,  seams  6  and  7  are  mined. 
In  both  seams  there  are  numerous  rolls  of  roof  and  floor  called 
"faults,"  or  "horsebacks."  In  many  cases  the  roll  completely  dis- 
places the  coal. 

Seam  6  averages  6  feet  in  thickness.    Near  Danville  the  immediate 
roof  is  of  grayish  black  shale  about  6  feet  thick.     This  shale,  lying 
between  the  coal  and  a  cap  rock  of  dark  gray  nodular  limestone,  makes 
a  roof  which  is  easy  to  support.     In  the  vicinity  of  Westville  and 
rgetown,  the  immediate  roof  is  generally  of  gray  shale  which 
no   distinct  bedding,  has  little  cohesion,   falls  in   conchoidal 
>ses,  and  is  extremely  difficult  to  support.    Stringers  of  coal,  fur- 
thermore, extend  from  the  seam  proper  into  the  roof  material  and 
render  the  task  of  supporting  the  roof  more  difficult.     Occasionally 
there  are  '■'>  to  4   inches  of  black  shale  between  the  coal   and  the 
hale  which  forms  the  cap  rock.  ■  Wherever  this  black  shale  is 
broken,  air  and  moisture  disintegrate  the  gray  shale  cap  rock,  and  the 
insupportable.    In  all  parts  of  the  Danville  district  the 
of  soft  fire  clay. 

a  in  thickness  from  2y2  to  5y2  feet,  the  average  being 
5  feet  The  coal  has  two  benches  separated  by  a  clay  band  one  inch 
tnick-  wJi  ta  throughout  the  bed  from  6  to  8  inches  above 

the  floor.    This  bed  also  has  numerous  rolls. 

ripping  operations,  which  are  important  in  this  dis- 
trict, are  conducted  in  the  No.  7  bed,  the  largest  underground  oper- 
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ations  are  in  the  No.  6  bed.  The  mines  are  operated  on  the  room-and- 
pillar  method,  or  a  modification  of  it,  but  the  numerous  rolls  in  the 
roof  prevent  close  adherence  to  the  system.    The  frequent  occurrence 


Fig.  7.     Plan  of  Mine  in  Vermilion  County 


of  rolls  has  a  marked  effect  upon  the  manner  of  driving  rooms.  In  a 
roll  area  it  is  difficult  to  support  the  roof,  and  the  expense  ol  driving 
through  the  hard  rock  of  the  roll  is  great;  consequently,  when  a  roll 
is  encountered  in  driving  rooms  it  is  customary  to  change  the  direction 
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of  the  room  and  to  drive  it  parallel  with  the  roll  until  the  coal  resumes 
norma]  condition,  as  shown  in  Fig.  7,  which  is  a  map  of  a  mine 
typical  of  the  district.  Often  it  is  necessary  to  abandon  a  room  before 
18  been  driven  to  its  proper  length.  Since  the  rolls  are  of  frequent 
Lrrenee,  the  amount  of  coal  that  may  be  gained  in  any  section  of 
the  mine  is  problematical ;  consequently,  the  operator,  on  reaching  that 
portion  of  the  coal  where  the  seam  regains  its  normal  thickness,  will 
attempt  to  gel  as  much  of  the  coal  as  possible  during  the  first  working. 
Little  attempt  is  made  to  preserve  a  constant  room-pillar  width,  and 
the  practice  of  gouging  pillars  is  common  in  the  smaller  mines.*  No 
systematic  pillar  drawing  is  attempted,  because  with  present  practice 
there  is  little  pillar  coal  left  to  draw  when  the  rooms  are  driven  to  their 
full  length.  The  roof  is  so  treacherous,  especially  in  the  vicinity  of 
the  rolls,  that  it  is  not  safe  to  leave  wide  spans  of  roof  unsupported  by 
pillars. 

The  width  of  room  pillars  at  the  mines  examined  varied  from  4  to 
and  room  widths  varied  from  21  to  43  feet.  Table  3  gives 
dimensions  of  workings  at  each  mine  examined.  Very  narrow  room 
pillars  were  found  in  mine  No.  91,  where  the  following  dimensions 
were  recorded ;  room  centers,  47  feet ;  room  widths,  43  feet ;  room  pillar 
width.  4  feet. 

Although  pillar  gouging  in  the  district  has  resulted  in  a  high  per- 
centage of  extraction  from  the  bed  in  the  first  working,  it  has  caused  a 
subsequent  loss  of  coal  through  squeezes  due  to  narrow  pillars.  The 
arer  action  for  the  six  mines  examined,  as  reported  by  the  oper- 

70  per  cent.    Table  3  gives  also  the  percentage  of  the  bed  ex- 
tracted at  each  mine.    These  percentages  were  calculated  from  meas- 
in  the  mines  and  were  checked  by  records  of  produc- 
tion I  '  obtained  from  the  books  of  each  operating  company  and 
pknimeter   measurements  of  mine  maps.     The  Peabody   Coal 
an  extraction  of  66  per  cent  at  its  mine  in  this  dis- 

the  mines,  almost  all  the  pillar  coal  was  extracted  after 

ance  work  had  been  done,  and  the  roof  was  supported 

rolls  whi.l,  occurred  at  intervals  of  60  to  100  feet.    At 

ire  being  extracted,  and  it  is  estimated,  that  the 

ail]  amount  to  about  85  per  cent. 

:     l"eAlfti7.'  ^  "A  M""r,,{  Practlce  in  Dlrtrlct  VIII,"  111.  Coal  Min.  Inrest.,  Bui.  2, 
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18.  Conclusion. — It  will  be  seen  that  nearly  all  the  work  in  Illinois 
described  as  pillar  drawing  is  unsystematic.  It  is  merely  incidental 
to  the  mining  of  room  coal,  and  preparation  for  it  is  rarely  made  in 
laying  out  the  mines.  There  are  no  apparent  reasons,  so  far  as  physical 
conditions  are  concerned,  except  in  a  few  instances,  why  plans  could 
not  be  made  for  leaving  pillars  large  enough  to  support  the  top  during 
the  advance  work  and  for  recovering  the  pillars  on  the  retreat. 
Squeezes  could  thus  be  avoided,  and  the  percentage  of  extraction 
could  be  increased  materially.  The  commercial  conditions  which  seem 
to  make  such  a  course  difficult  could  probably  be  overcome,  except  in 
those  cases  in  which  subsidence  of  the  surface  subjects  the  operators 
to  claims  for  damages  in  excess  of  amounts  which  would  seem  to  be 
reasonable  compensation  for  the  injury  done.  The  law  covering  pay- 
ments for  damages  due  to  subsidence  ought  to  be  made  so  clear  that 
there  could  be  no  doubt  concerning  the  amount  to  be  paid,  and 
this  amount  should  be  limited  to  a  fair  compensation  for  the  injury 
actually  done. 

At  present  there  is  promise  of  a  considerable  improvement  with 
regard  to  the  percentage  of  coal  extracted  from  Illinois  mines.  The 
subject  is  receiving  more  and  more  attention  on  the  part  of  coal  pro- 
ducers and  careful  planning  of  the  work  with  a  view  to  high  extraction 
as  well  as  to  low  cost  will  follow  as  the  natural  result  of  greater  in- 
terest on  the  part  of  the  operators. 
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CHAPTER  III 

Methods  and  Recovery  in  the  United  States 

\y  Methods  in  the  United  States. — This  chapter  presents 
a  difi  of  early  methods  of  mining  coal  in  the  United  States,  in- 

formation regarding  the  percentage  of  coal  recovered  in  different  dis- 
tricts and  descriptions  of  the  most  advanced  methods  employed  for 
obtaining  high  extraction,  especially  those  which  are  applicable  to  con- 
ditions in  Illinois.     In  collecting  this  material  all  available  sources  of 
ination  have  been  utilized.    The  descriptions  of  methods  have  been 
taken  largely  from  the  technical  literature  of  coal  mining,  but  in  in- 
n  which  the  correctness  of  the  description  seemed  in  doubt,  or 
in  which  statements  concerning  the  percentage  of  extraction  seemed 
verification,  the  subjects  have  been  reviewed  by  persons  famil- 
iar with  the  local  conditions. 

In  response  to  the  large  number  of  inquiries  sent  out,  many  persons 
furnished  the  desired  information  in  as  nearly  complete  form  as 
possible,  but  in  many  cases  there  has  been  available  no  authentic  in- 
formation on  the  subject  of  recovery.     The  estimates  are  necessarily 
as  approximate  because  the  conditions  are  such  that  it  is 
illy  impossible  to  obtain  correct  values,  or  the  subject  has  not 
considered  of  sufficient  importance  by  the  operators  to  warrant 
enditnre  of  the  time  and  money  necessary  for  obtaining  the 
value,     it   is  believed  that  the  values  for  percentage  of  extraction 
-  in  the  following  pages  represent  the  most  reliable  information 
obtainable  on  the  subject,  but  they  are  not  presented  as  being  abso- 
lutely corn 

time  mining  was  begun  here,  this  country  was  a  colonial 
possession  oi  Britain  ;  the  methods  of  mining  to  which  immigrants 

those  of  Great  Britain,  and  the  application  of 

these  '"  mining  problems  in  America  was  a  matter  of  course. 

it  of  the  early  English  methods  is  discussed  in  the 

1  miners  of  this  country,  furthermore,  have  been 

art  men  who  received  their  training  in  the  work  in 

Lng  *>  or  children  of  such  men,  and  not  until 
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a  comparatively  recent  date  did  these  miners  loss  their  dominance  in 
the  American  coal  fields.  The  conditions  under  which  coal  was  found 
in  this  country  were  also  not  very  different  from  those  in  Great  Britain. 
It  was  natural,  therefore,  that  bituminous  coal  mining  practice  in  this 
country  should  correspond  to  that  of  Great  Britain  at  the  time  the 
industry  began  here. 

Mining  in  this  country  was  begun  in  the  Richmond  (Virginia) 
basin  about  the  middle  of  the  eighteenth  century.  There  seems  to  be 
no  clear  record  of  the  methods  followed,  but  it  is  known  that  a  pillar 
system  was  employed,  and  that,  as  the  coal  was  reached  in  some  places 
at  a  depth  of  several  hundred  feet,  a  considerable  amount  of  the  coal 
was  left  in  the  ground.  It  is  said  that  the  pillars  were  to  be  extracted 
on  the  retreat,  but  no  definite  record  is  found  to  indicate  that  this  was 
done. 

Western  Pennsylvania  was  the  next  district  to  take  up  coal  mining 
on  an  important  scale.  Maryland  and  West  Virginia  followed,  basing 
their  early  methods  for  the  most  part  on  what  had  been  done  in  Penn- 
sylvania. 

20.  Pennsylvania. — The  early  history  of  coal  mining  in  the  west- 
ern Pennsylvania  district  is  typical  of  that  in  other  sections  of  the 
country,  having  a  similar  hilly  topography.  When  coal  mining  was 
commenced,  an  abundant  supply  of  coal  was  found  outcropping  on 
the  hills  in  the  neighborhood  of  Pittsburgh,  and  these  seams  were 
attacked  by  numerous  small  mines  on  the  outcrop.  As  the  workings 
were  extruded  under  cover,  the  single  entry  system  was  followed,  and 
as  it  was  impossible  to  obtain  good  ventilation  with  this  system,  the 
rooms  were  driven  to  only  a  short  distance,  and  the  entry  itself  was 
not  long.  Later  the  double  entry  method  was  employed,  in  which  two 
parallel  entries  were  used,  respectively,  for  intake  and  return  air. 
Since  the  distance  to  which  rooms  could  be  driven  was  limited,  it  was 
impossible  to  work  any  large  territory  by  this  method ;  hence,  as  the 
size  of  the  mines  increased,  the  cross  entry  system  was  introduced. 
The  underground  developments  were  the  same  whether  the  coal  was 
reached  by  drifts,  by  slopes,  or  by  shafts. 

Among  the  many  experiments  tried  in  the  Pittsburgh  bed  was  that 
involving  the  use  of  double  rooms  with  double  necks,  or  of  double 
rooms  with  single  necks,  but  the  amount  of  timber  required  for  posts 
made  these  methods  too  expensive  and  by  1906  they  were  in  use  in  a 
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few  mines.    The  long-wall  system  also  was  tried  and  abandoned.* 
record  lias  boon  found  of  the  time  at  which  the  drawing  of 
pi))!  commenced,  and  it  is  probable  that  this  method  was  fol- 

bbs  from  the  beginning  in  such  mines  as  were  system- 
atically developed. 

Toward  the  end  of  the  last  century,  the  double  entry  system  had 
been  further  developed  by  the  turning  of  room  or  butt  entries  from 
the  cross  or  face  entries.  In  some  mines  a  few  of  the  entries  were 
driven  to  the  boundary,  and  then  all  the  rooms  were  opened  at  once, 
bid  some  of  the  center  rooms  would  sometimes  reach  their  limits  before 


B.    Old  Method  of  Room-and-Pillar  in  Pittsburgh,  Pa.,  District 

•  pillars  should  have  been  drawn  first.    In  other  cases  only 

the  inby  half  of  the  rooms  on  each  entry  was  turned  first,  while  in  still 

rs  one  entry  was  completely  exhausted  before  any  side  work  was 

OO  it>  parallel  entry.    In  most  cases,  a  room-and-pillar  method 

was  naed  with  double  entries,  each  about  9  feet  wide.    Main  entries 

1    by    a    pillar    51    feet   wide   with    cut-throughs    for 

oo.    The  main  entries  were  driven  on  the  butt  of  the  coal,  and 

face  antriai  turned  from  them  about  1,000  feet  apart.     From 

t^  »ndary  butt  entries  or  room  entries  were  driven 


P.  •iFvBk.***'1*"'    "A    New    Method    of    Coal    Mining,"    Mines   and    Minerals,    Vol.    27, 
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about  400  feet  apart.  Rooms  about  20  feet  wide  and  200  feet  long 
were  turned  on  the  face  of  the  coal.  The  room  necks  were  21  feet  long 
and  9  feet  wide.  Room  pillars  were  15  or  20  feet  wide,  according  to 
the  cover  above  the  coal.  The  rooms  were  turned  from  the  butt  entries 
as  fast  as  these  were  driven,  room  pillars  being  drawn  as  mining  pro- 


Fig.  9.    Improved  Method  of  Room-and-Pillar  in  Pittsburgh,  Pa.,  District 

gressed.*  The  objectionable  features  of  this  method  are: — poor  ven- 
tilation, dangerous  gob,  entries  filled  with  fallen  dirt  requiring  expense 
for  cleaning  up,  maximum  extent  of  track  for  the  minimum  quantity 
of  coal,  thus  greatly  increasing  the  cost  of  animal  haulage,  loss  of 
thousands  of  tons  of  coal,  compulsory  driving  of  narrow  work  in  room 
turning,  and  squeezes,  which  damage  the  coal  and  greatly  increase 
the  hazard  of  mining. 

The  difficulty  of  ventilation  becomes  most  serious  when  the  rooms 
from  one  entry  are  holed  through  into  those  approaching  from  a  neigh- 
boring entry  (see  Fig.  8).  Often  this  will  occur  two-thirds  of  the  dis- 
tance up  each  of  these  entries;  thus  all  the  pillars  below  the  short 
circuit  are  deprived  of  proper  ventilation  at  a  point  where  it  is  con- 
stantly needed.  After  the  pillars  are  drawn  and  the  roof  falls,  there 
is  no  appreciable  movement  of  air  through  the  gob,  and  it  often  fills 
with  explosive  gas. 


♦Auchmuty,  H.  L.,  in  Coal  and  Metal  Miners'  Pocket  Book,  9th  ed.,  p.  295. 


11  UNOIS    ENGINEERING    EXPERIMENT   STATION 

A  method  described  by  Dixon,  in  the  article  previously  referred 
U>,  was  Boon  adopted  with  various  modifications,  although  it  is  possible 
already  in  use  in  one  or  more  places  at  that  time.    Accord- 
ins  method  the  territory  was  laid  off  into  blocks  (see  Fig.  9) 
et  long,  allowing  for  a  barrier  pillar  200  feet  wide  along  the 
.  entries  and  for  another  200  feet  along  the  next  pair  of  face  en- 
A  pair  of  room  entries  separated  by  a  54-foot  pillar  was  driven 
through  the  center  of  this  block,  and  thirty  rooms  were  turned  from 
each  entry.    Rooms  were  240  feet  long,  about  26  feet  wide,  and  were 
driven  on  :>9-foot  centers,  thus  leaving  13-foot  pillars.    Room  turning 
I  in  at  the  inby  ends  of  the  room  entries,  a  reversal  of  the  com- 
mon practice  of  the  time.    The  drawing  of  pillars  was  commenced  as 
soon  as  the  rooms  were  finished,  and  the  line  of  break  was  kept  at  the 
proper  angle  by  carefully  timing  the  extraction  of  pillars.     In  this 
method  the  ventilation  was  considerably  better  than  in  the  earlier 
but  the  air  current,  after  passing  through  the  district  of  pillar 
work  on  one  room  entry,  went  through  the  advancing  rooms  turned 
from  the  other.    This  difficulty  was  avoided  in  later  methods  by  ex- 
hausting one  room  entry  before  room  work  was  done  on  the  other.    The 
roof  in  the  entries  was  easily  maintained  because  the  entries,  with  the 
ption  of  those  on  which  rooms  were  being  worked,  were  in  solid 
eoaL    At  the  finishing  of  a  block  the  minimum  of  track  was  in  use  for 
minimum  of  coal  passing  over  it.     Track  was  not  left  in  place 
awaiting  the  withdrawal  of  entry  pillars;  therefore  it  was  not  exposed 
to  the  corrosive  action  of  mine  water.     Since  the  room  pillars  were 
attacked  immediately,  there  was  little  danger  of  deterioration  of  coal 
I  trouble  from  falls.    Most  of  the  props  could  be  recovered  as  they 
ubjected  to  any  great  pressure.    Under  the  old  system 
50  per  cenl  of  the  wood  rails  in  rooms  were  lost  while  awaiting  the 
on  the  ribs,  and  about  75  per  cent  of  the  posts  were  lost. 
Referring  to  the  conditions  and  the  methods  employed  in  mining, 
ungham*  said  in  1910:—  ''The  operator  in  the  Pittsburgh 
field,  with  the  price  of  coal  where  it  is  to-day,  must  get  the  largest 
lump  with  the  least  amount  of  fine  coal,  and  this  by 
ine  mining,  j,.  order  that  he  may  compete  with  coal  operators  in 
The  rooms,  therefore,  are  made  as  wide  as  possible  to 
I  percentage  of  lump  coal,  and  the  pillars  are  left 

Mert  Method  of  Removing  Coal   Pillars,"   Proc.   Coal   Mia. 
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as  narrow  as  possible,  because  the  greatest  percentage  of  crushed  coal 
comes  from  them.  This  fact  explains  why  the  use  of  narrow  rooms 
and  wide  pillars,  common  in  the  Connellsville  district,  does  not  appeal 
to  operators  in  the  Pittsburgh  district.  It  also  explains  the  loss  of 
much  pillar  coal,  because  a  period  of  dull  market  results  in  the  stop- 
ping of  pillar  work  and  only  large  coal  from  the  rooms  is  marketed.  A 
large  number  of  rooms,  accordingly,  may  be  driven  up  to  their  limits 
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Fig.  10.     Modern  Method  in  Pittsburgh  District 


without  the  extraction  of  room  pillars,  and  the  recovery  of  these  pillars 
is  unprofitable  after  the  rooms  have  stood  for  a  number  of  years. 

Fig.  10  illustrates  the  series  of  operations  incident  to  one  method 
of  extraction  of  stump  and  chain  pillars.  In  this  method,  rooms  are 
turned  and  worked  out  progressively  along  one  of  a  pair  of  room  en- 
tries, probably  the  last,  the  pillars  being  drawn  back  as  soon  as  the 
rooms  are  finished.  There  is  thus  a  diagonal  line  of  rooms  advancing 
and  another  diagonal  line,  practically  at  right  angles  to  this,  retreat- 
ing.  On  the  other  room  entry  of  the  pair,  the  driving  of  rooms  \a 
commenced  at  the  inby  end  and  proceeds  outward.  In  some  instance 
the  entry  pillars  have  been  drawn  on  the  retreat  as  illustrated  in  Pig. 
10,  and  in  others  they  have  been  left  until  all  the  rooms  and  room 
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pillars  have  been  finished.    In  the  latter  case  it  has  sometimes  been 

le  to  obtain  the  coal  from  these  entry  pillars,  but  frequently  all 

r  of  it  has  been  lost.    The  method  illustrated  in  Fig.  10  was  in 

in  the  Pittsburgh  district  proper,  that  is  in  the  high  coal  along  the 

Monongahela  River.     Cunningham  says  that  the  extraction  by  this 

method  would  average  about  80  per  cent.    Some  companies,  however, 

claim  an  extraction  of  90  per  cent.    Some  differences  in  percentages  of 

extraction  may  be  accounted  for  by  the  different  methods  followed  in 

mating:  the  whole  bed  from  the  limestone  to  the  top  of  the  seam 
may  be  taken  into  consideration,  or  the  thickness  of  the  slate  partings 
may  be  subtracted. 

One  of  the  principal  reasons  for  taking  the  rooms  turned  from  one 
of  a  pair  of  butt  entries  on  the  advance  and  those  turned  from  the 
parallel  butt  on  the  retreat  was  that  this  procedure  made  it  possible 
to  have  the  air  current  always  blowing  from  the  room  work  to  the 
pillar  work.  This  constantly  moving  current  of  air  prevented  gases 
set  free  by  the  pillar  work  from  being  carried  to  men  working  in 
advancing  places.  The  miners  in  the  pillar  workings  used  locked 
safety  lamps,  while  those  in  the  room  workings  used  open  lamps. 

Until  about  1910,  mining  machines  were  used  in  the  Pittsburgh  dis- 
trict only  in  room  and  entry  work,  while  pillar  coal  was  undercut  with 
picks.  A  method  designed  to  permit  the  mining  of  pillars  by  machines 
is  illustrated  by  Fig.  11.  Cunningham  gave  the  following  facts  con- 
cerning this  method: — 24-foot  rooms  are  turned  on  39-foot  centers. 
After  the  room  is  worked  out  with  a  machine,  a  cut  about  25  feet 
wide  is  made  across  the  end  of  the  pillar;  then  another  cut  of  the 
ne  width  is  made  far  enough  back  on  the  pillar  to  leave  a  stump 
5  to  8  feet  wide,  and  the  stump  is  removed  by  pick  work  after  the 
machine  work  is  finished.  The  stumps  serve  to  protect  the  machine 
runners  and  the  machine  by  supporting  the  top.  It  was  said  that  at 
one  mine  where  this  system  was  used  70  per  cent  of  the  pillar  coal  was 
extracted  with  machines,  and  30  per  cent  was  pick  mined.    Good  falls 

re  obtained,  and  no  ribs  were  lost.  The  recovery  of  timber  was  not 
so  good  Bi  ID  the  Conncllsville  region  or  in  mines  where  there  is  no 
refuse  gobbed  along  the  roadways.* 

An  old  and  common   method  of  working  is  illustrated  by  Fig. 

t'Por  '  £•  ,neth«<l  »n  use  about  1910  see  Schellenberg,  P.  0.,  "Sys- 

Till   lJlO  r"h  C°al  Seam'"  Tran8-  Amer-  In8t-  Min'  Engre.,  Vol.  41, 
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12.  Track  is  laid  in  the  middle  of  the  room,  and  the  room  pillars  are 
made  as  narrow  as  possible  after  the  room  has  advanced  100  feet,  or  to 
the  first  cut-through.  Commonly  no  attempt  is  made  to  recover  the 
pillar  coal  beyond  this  point,  though  it  is  often  recovered  nearer  the 


Fig.  11.    Pillar  Drawing  with  Machines  in  Pittsburgh,  Pa.,  District 


entries  by  working  the  pillar  along  the  side  of  the  fall.  One  of  the 
chief  operators  in  the  Pittsburgh  district  claimed  a  recovery  of  90  per 
cent  of  marketable  coal  by  this  method,  but  it  seems  that  such  a  recov- 
ery could  be  made  only  over  an  area  of  a  few  acres  and  that  the  recov- 
ery over  the  entire  area  of  the  mine  would  be  much  lower.  Schellen- 
berg  expressed  the  opinion  that  the  recovery  would  not  be  more  than 
60  per  cent  if  an  area  of  10  acres  were  considered. 
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In  the  discussion  of  Cunningham's  article,  G.  S.  Baton  said  that 
entry  pillar*  were  not  often  recovered  in  the  Pittsburgh  district  except 
under  remarkably  favorable  conditions.  In  his  opinion  not  more  than 
40  per  cent  of  the  entry  pillars  were  recovered  where  there  was  much 


Fig.  12.    Tapered  Pillars 


overburden.  It  is  probable  that  a  larger  percentage  than  this  is  being 
recovered  now  in  the  more  carefully  operated  mines.  Another  practice 
in  pillar  drawing  which  had  been  used  in  the  Pittsburgh  district  and 
ther  districts  is  illustrated  by  Fig.  13.  A  curtain  of  coal  is  left  to 
keep  out  the  gob  when  drawing  room  pillars,  and  the  loss  of  coal 
amounts  to  about  as  much  as  it  does  where  the  pillars  are  narrowed 
and  not  drawn.* 

It  hat  -en  that  in  most  of  the  methods  employed  in  the  Pitts- 

hurph  diet  net,  the  pillar  coal  is  taken  out  by  pick  work,  and  it  has  been 

within  only  a  very  recent  period  that  even  the  room  coal  has  been 

ll  by  machines.     Machine  mining  of  pillars  is  cheaper  than 

k  and  operators  have  recently  introduced  this  more  advanced 

od  wh  it  seemed  possible.    The  immediate  reason  for  this 

the  increased  cost  of  production,  largely  due  to  high 

caused  by  changes  in  the  laws  affecting  mining, 

aiding  advance  in  selling  price.    Since  the  demand 

p.  216,   1910. 
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is  still  greater  for  the  lump  coal  than  for  the  smaller  sizes,  it  has  been 
necessary  to  increase  the  size  of  the  pillars  to  prevent  the  objectionable 
crushing  of  the  pillar  coal.  Another  reason  for  increasing  the  width 
of  the  pillars  is  to  be  found  in  the  practical  difficulty  of  using  machines 
on  very  narrow  pillars.  The  thickness  of  room  pillars  varies,  but  the 
most  common  distances  between  the  centers  are  33,  36,  39,  and  42  feet. 
With  33-foot  room-centers,  the  room  pillars  are  lost  entirely ;  with  36- 
foot  room-centers,  about  55  per  cent  of  the  pillars  are  recovered ;  and 
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with  39-  to  42-foot  centers,  from  60  to  70  per  cent  of  the  pillars  are 
recovered.*  Many  miners  at  the  present  time  have  not  the  skill  to  do 
the  best  pillar  work,  even  if  the  cost  were  not  too  high,  and  for  this 
reason,  if  a  higher  percentage  of  pillar  coal  is  to  be  won,  cutting  with 
machines,  which  can  be  operated  successfully  only  on  wider  pillars, 
must  be  employed. 

A  method  adopted  for  future  working  at   the  Marianna  and  the 
Hazel  mines  of  the  Pittsburgh-Buffalo  Company  In  Pennsylvania  and 


*  Edwards,  J.  C,  and  Gibb,  IT.  M.,  "An  Ideal  Method  of  Mining.-'  Ml  ran  MM)  Mme-rals, 
Vol.  33,  p.  665;  and  Edwards,  .1  0.,  "Machine  Mining  in  ROOO  Pillars,"  Minos  and  Min- 
erals,   Vol.    34,    p.    591. 


70 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


Annabelle  mine  of  the  Four  States  Coal  Company  in  West  Virginia 
is  illustrated  by  Pig.  14.*  The  plan  as  outlined  is  intended  for  coal 
under  a  cover  of  300  to  500  feet.    There  are  two  sets  of  triple  main 
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Fig.  14.     Proposed  Plan  for  Pittsburgh-Buffalo  Coal  Company 


entries  separated  by  an  unbroken  pillar  50  feet  thick.  The  operation 
really  includes  two  distinct  mines  except  that  the  coal  goes  over  the 
KM  tipple.  The  loaded  and  empty  haulage  roads  on  each  side  are 
driven  10  feet  wide,  and  the  airway  is  driven  16  feet  wide.  These 
widths  are  necessary  in  order  to  avoid  the  expense  of  a  fourth  10-foot 
entry. 

ri In-  panel  system  planned  is  known  as  the  "half  advancing  and 
half  retreating"  system.  The  panels  are  divided  into  blocks  500  feet 
wide  by  entries  driven  "end  on"  in  pairs,  and  from  these  butt  entries 


•Ibid. 
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the  rooms  are  turned  on  the  face  of  the  coal.  The  butt  entries  on  the 
side  toward  which  the  development  of  the  panel  is  progressing,  that 
is  on  the  inby  side,  are  termed  "advance  headings";  the  exterior  or 
outby  entries  are  "retreat  headings."    A  chain  breast  machine  is  used 


Fig.  15.    Extraction  of  Pillars  under  Draw  Slate 
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Fig.  16.    Detail  of  Pillar  Work  under  Draw  Slate 


in  rooms  and  entries  and  a  short-wall  machine  on  pillars.  Both  ma- 
chines continue  in  use  until  the  last  room  on  the  retreat  entry  is  com- 
pleted ;  then  the  short-wall  machine  is  left  to  finish  the  pillars,  and  the 
breast  machine  is  transferred  to  another  pair  of  butt  entries  under 
development.  By  the  time  room  14  is  turned,  room  2  has  been  finished, 
and  work  can  be  begun  on  the  pillar  between  rooms  1  and  2.  Rooms 
on  the  advance  entry  are  255  feet  long  and  those  on  the  retreat  entry 
246  feet  long  from  the  entry  centers ;  this  difference  in  length  is  made, 
because  the  chain  pillar  and  entry  stumps  are  brought  back  with  the 
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n  pillars  on  the  retreat  entries.    The  method  has  been  worked  out 
general  conditions;  first,  where  a  draw  slate  is  encounted,  and 
ondly.  where  there  is  no  draw  slate. 

The  method  to  be  used  where  draw  slate  is  encountered  is  illustrated 
by  Pig.  15.    In  this  illustration  room  1  is  shown  as  finished.    In  rooms 
inclusive,  the  pillars  are  being  drawn.    Room  10  has  reached  its 
limit,  and  the  eross-eut  at  the  face  is  being  driven  through  the  pillar 
room  9.    Booms  11  to  18,  inclusive,  are  being  driven.    Fig.  16  shows 
in  detail  the  method  of  recovering  the  pillars  by  the  short- wall  ma- 
chine where  draw  slate  is  encountered.    From  the  point  A,  the  track 
is  laid  in  11-foot  sections,  and  steel  ties  are  used;  consequently,  the 
track  is  easily  assembled  or  detached.     Curved  rails  are  used  in  the 
DC  way  so  as  to  give  easy  access  to  the  cross-cuts.    After  the  cross- 
cut B  is  finished,  the  curves  and  two  14-foot  sections  of  the  track  are 
detached,  and  an  18-foot  cut  is  made  in  the  pillar  at  C  by  working  on 
the  butt  of  the  coal  and  leaving  a  stump  D,  10  by  39  feet.    The  draw 
slate  from  the  first  cut  is  gobbed  in  the  room  proper.    The  remainder 
of  the  draw  slate  from  this  cross-cut  is  gobbed  in  the  outby  part  of  the 
cross-cut,  and  the  track  is  laid  in  the  inby  part.  A  cut  is  next  made 
through  the  stump  D,  into  the  gob  above,  and  small  blocks  or  stumps 
E  and  /'  are  left  on  each  side  of  the  cut  to  be  taken  out  with  the  pick. 
Aft^r  the  block  E  has  been  removed,  all  the  tracks  in  the  cross-cut, 
except  the  two  curve  rails,  are  removed ;  when  the  block  F  has  been  re- 
moved, the  curve  rails  and  the  two  14-foot  sections  of  straight  track 
are  taken  up,  and  the  operation  of  driving  through  the  pillar  is  re- 
;  as  the  illustration  shows.    In  this  way  the  room  pillar  is  ex- 
fad  bark  to  the  point  A. 

The  method  of  operation  in  the  second  case,  where  the  draw  slate 

soontered,  is  the  same  as  in  the  first  case,  except  for  the 

ttacking  the  pillars  which  is  illustrated  in  detail  by  Fig. 

After  the  room  has  been  completed  and  the  cross-cut  B  driven, 

rails  and  seven  sections  of  track  are  detached;  thus  the 

ft  in  position  to  be  assembled  quickly  for  easy  access  to  the 

//.  which  is  next  driven.     The  39-  by  94-foot  pillar  is  then 

id  a  fJ-  by  94-foot  pillar  is  left  on  each  side;  then 

••-cut  I)  is  driven  through  the  9-  by  94-foot  pillar  on  the 

nl  'h>  »nd  a  stump  is  left  to  be  removed  by  the  pick. 

4-foot  block  is  removed  in  the  same  way,  and  the  oper- 

ntinued  until  the  whole  pillar  has  been  removed.    The  entry 
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stumps  and  chain  pillars  of  the  butt  headings  are  won  in  the  same 
manner  as  the  room  pillars. 

Both  of  these  methods  are  in  use  at  several  mines  and  are  meeting 
with  success.  In  both  methods  90  per  cent  of  the  coal  won  is  cut  by 
machines.  This  percentage  can  be  increased  considerably,  since  it  has 
been  demonstrated  that  under  favorable  conditions  part  of  the  pick 
blocks  can  be  recovered  by  the  machine.  One-third  of  the  coal  is  mined 
from  the  rooms  and  two-thirds  from  room  pillars.  When  draw  slate 
is  encountered,  the  39-  by  10-foot  stump  pillar  will  always  afford  ample 
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Fig.  17.    Detail  of  Pillar  Work  in  Absence  of  Draw  Slate 

protection  to  the  miners;  and  where  no  draw  slate  is  found,  the  two 
9-  by  94-foot  stump  pillars  together  with  the  timbering  will  give  ade- 
quate protection. 

Among  the  plans  tried  in  the  Pittsburgh  district  with  the  object  of 
reducing  the  cost  of  mining  by  substituting  more  machine  work  for 
pick  work  is  one  (Fig.  18)  which  promised  to  be  successful,  but  failed, 
because  the  miners  demanded  room-turning  prices  for  the  short 
rooms.*  This  added  cost  would  have  defeated  any  other  advantage  of 
the  system.  The  method,  however,  seems  to  be  based  upon  principles 
which  may  find  application  under  other  circumstances.  The  method 
was  adopted,  because  a  provision  of  the  mining  scale  of  the  Pittsburgh 
district  prohibited  the  drawing  of  ribs  by  machines  unless  short-wall 
machines  were  used.  The  plan  was  to  continue  the  employment  of 
the  breast  machines  already  in  use  and  thus  to  increase  the  percentage 


*  Affelder.   W.    L.,    "Rib   DrawinK  by    Machiiu-r\ ."    Oofll    Mm     Inst     Ain.-r  ,  1912; 

and    Personal    Communication. 
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oi  room  coal.    It  seemed  profitable  to  increase  the  percentage  of  room 

since  the  cost  for  machine-cut  run-of-mine  coal  was  45.28  cents 

'on.  including  a  differential  of  2/3  of  a  cent  on  account  of  rolls, 

while  the  price  for  pick  mining  was  64.64  cents  per  ton;  the  average 

price  for  cutting,  loading,  and  pick  work  was  51.92  cents.    This  average 

■d  on  the  assumption  that  the  working  was  regular  with  rooms 

feet  wide  on  40-foot  centers.     Machine  work  was  done  with  the 

common  breast  machines.    The  mining  system  was  the  ordinary  method 


SCALE 


Fio.  18.    Method  of  Reducing  Pillar  Work  in  Pittsburgh,  Pa.,  District 

of  machine  mining  with  25-foot  rooms  on  40-foot  centers  with  cross- 
cuts three  runs  wide  and  room  necks  21  feet  long.    Rooms  were  250 
feet  long,  but  as  the  neck  was  21  feet  long,  the  length  of  the  actual 
room  was  229  feet.     All  estimations  of  the  percentage  of  extraction 
I  on  a  block  229  feet  long  and  120  feet  wide.     In  this  old 
of  mining,  65.7  per  cent  of  the  coal  was  produced  as  machine 
coal  ami  819  per  cent  as  pillar  coal  drawn  with  the  pick.    The  mine 
1  on  a  run-of-mine  basis.     The  new  system  was  started 
foot  rooms  on  117-foot  centers;  but  it  was  expected  that  if  the 
lid  prove  successful,  these  dimensions  would  be  changed 
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to  40-foot  rooms  on  120-foot  centers.  The  illustration  shows  the  form 
and  dimension  of  rooms.  Two  25-foot  rooms  were  driven  from  the  cross- 
cut with  10-foot  pillars  on  each  side.  These  pillars  were  somewhat 
weak,  but  the  rooms  were  not  long,  and  the  pillars  were  drawn  quickly. 
It  was  admitted  that  the  system  would  reduce  tonnage  for  a  time  if 
the  mines  developed  were  not  sufficiently  advanced,  but  it  was  claimed 
that  when  the  main  rooms  had  been  driven  to  within  50  feet  of  their 
intended  length,  the  production  from  them  would  be  much  greater 
than  from  the  ribs  of  three  rooms  of  the  older  system.  As  soon  as  the 
pillars  were  drawn,  the  recovery  of  the  so-called  ''rooster"  coal  would 
rapidly  increase  the  output.  In  the  Pittsburgh  bed,  the  rooster  coal 
lies  above  the  draw  slate  and  a  laminated  coal  12  inches  to  2  feet 
thick.  Although  in  most  mines  this  coal  is  not  taken  out,  in  the  Pan- 
handle district  it  seems  to  be  better  fuel  than  the  bottom  coal  and  is 
being  mined  in  several  places.  The  cover  in  the  section  in  which  this 
method  was  employed  was  from  75  to  125  feet  thick.  The  small  pillars 
were  extracted  by  pick  work,  and  the  rooster  coal  also  was  obtained 
at  pick  prices. 

21.  Connellsville  District. — The  methods  of  production  in  the 
Connellsville  field  have  become  more  intensive  than  those  in  the  other 
districts  of  western  Pennsylvania.  The  excellent  quality  of  the  Con- 
nellsville coke  and  the  fact  that  the  coal  from  which  it  is  produced  is 
found  in  only  a  limited  area  have  made  the  coal  so  valuable  that  it 
has  been  found  advisable  to  pay  particular  attention  to  high  percent- 
age of  extraction.  In  this  district,  there  has  been,  moreover,  no 
objection  to  the  crushed  coal  from  pillars  as  the  product  goes  to  the 
coke  ovens  wherQ  fine  coal  is  desirable.  The  same  fact  influenced  the 
relative  sizes  of  rooms  and  pillars.  While  in  the  gas  coal  district  it 
was  thought  desirable  to  take  as  great  a  quantity  as  possible  from 
rooms,  in  the  Connellsville  district  the  practice  of  getting  a  large  part 
of  the  coal  from  the  pillars  has  developed  in  order  that  the  percentage 
of  extraction  may  be  as  high  as  possible.  It  is  of  interest  to  trace  the 
more  recent  developments  in  mining  practice  here,  because  the  extrac- 
tion in  the  better  planned  mines  of  this  district  is  unusually  high. 

Conditions  and  methods  in  this  district  are  discussed  by  F.  C. 
Keighley*  as  follows : 


*  Keighley,   P.  C,   "Mining  Coal   with   FriaUe    Roof   KOA    Baft   Floor,"   W.   Va.   Coal   Min 
Inst.,   Dec.   10,   1914;   Coal  Age.   Vol.   7,  p.   1008. 
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i'he  coking  coal  known  variously  as  the  No.  8,  Pittsburgh,  or 

i  "nnnells\  ille  seam  lias  in  places  an  extremely  bad  roof.    This  difficulty 

I  strongly  marked  in  the  Connellsville  basin,  but  can  be  found  in 

other  troughs.     .      .      .     The  thickness  of  the  coal  and  its  softness 

one  to  anticipate  that  it  could  be  mined  cheaply,  but  the 

friable  roof  creates  a  difficulty  which  its  other  qualities  cannot  over- 

.     .     "I  have  projected  workings  at  depths  ranging  from  200 

using  a  dozen  or  more  different  schemes,  and  have  never 

found  any   marked  difficulty  in  protecting  the  main  headings  and 

air-eounefl  of  any  mine.    But  I  have  experienced  some  trouble  occa- 

ally   in  protecting  the  branch,   or  butt,   headings,   and   I  have 

always  had  more  or  less  trouble  with  the  rib  coal  in  the  rooms. 

■  It  is  true  that  in  many  cases  the  roof  will  fall  in  headings  and  air- 
course  in  spite  of  all  that  can  be  done,  but  such  falls  are  gradual 
and  are  removed  as  part  of  the  regular  mine  operations.     On  the 
other  hand,  when  falls  occur  in  the  rooms  they  often  come  suddenly 
and  cover  a  large  area,  and  the  break  extends  so  far  above  the  coal 
that  they  often  reduce  and  may  entirely  cut  off  the  production  from 
-tain  action  of  the  mine,  not  only  for  a  day,  but  perhaps  for 
ks  at  a  time. 
It  is  elear,  then,  that  any  improved  method  of  mining  must  pro- 
\'<>v  the  protection  of  the  rooms  rather  than  for  the  care  of  the 

"Panels  have  been  projected  1,000  feet  wide  and  2,000  to  4,000 
feet  long.     .  .     Such  a  panel  is  subdivided  into  a  number  of 

■nailer  panels  that  are  themselves  served  by  two  parallel  entries  driven 
at  right  angles  or  at  some  other  angle  to  the  flat  or  face  heading 
m  the  pitch  of  the  coal.    These  are  known  as  butt  headings. 
These  sub-panels  are  generally  1,000  feet  long  and  300  to  600  feet 
... 

■ions  widths  have  been  chosen  for  rooms  with  8  to  30  feet 

as  ll?  general  belief  is  that  rooms  and  headings  should  be 

driren  10  feet  wide  in  the  Connellsville  region.     There  seems  to  be 

■rt unity  to  improve  on  this  width.     The  best  work  has  been 

room  ribs— 50,  70  and  90  feet  thick;  but  the 

,uceei8  }  K*eat  as  might  be  expected,  though,  with  room 

limenaions,  and  with  any  ordinary  care  in 
■faring,  a  genera]  creep  or  squeeze  cannot  occur. 
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"This  is  not  true  when  room  ribs  are  made  of  smaller  dimensions, 
such  as  30,  40  or  even  50  feet.  In  the  initial  stage  of  rib  drawing  with 
such  light  ribs  great  success  is  secured,  but  when  trouble  occurs  it 
is  usually  in  the  form  of  a  general  squeeze  or  creep  that  almost 
paralyzes  the  output.  It  has  often  seemed  for  a  time  that  the  small 
ribs  in  the  rooms  resulted  in  cheaper  mining;  but  when  a  squeeze 
or  creep  took  place  the  small  rib  did  not  permit  of  the  driving  of  a 
new  road  with  safety  and  profit,  and  consequently  the  coal  remain- 
ing in  the  rib  could  not  be  taken  out. 

"With  70-,  80-,  or  90-foot  ribs  there  is  always  sufficient  coal  left 
to  permit  driving  a  now  road  with  safety  through  the  pillar  no  matter 
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Fig.  19.    Pillar  Drawing  in  Connellsville,  Pa.,  District 


how  badly  the  roof  may  have  fallen  or  the  coal  be  shattered  on  the 
edges  of  the  pillars. 

"Nearly  all  experienced  miners  concede  that  with  narrow  ribs 
only  50  per  cent  of  the  coal  is  recovered.  The  best  results  claimed 
is  65  per  cent,  while  90  and  95  per  cent  has  often  been  recovered  with 
the  larger-rib  system.  The  problem  is  whether  the  heavy  cost  of  timber 
and  the  still  greater  cost  of  Labor  will  counterbalance  the  loss  of  i'rom 
35  to  50  per  cent  of  coal.  I  am  disposed  to  believe  that  the  larger 
rib,  making  a  larger  yield  possible,  will  assure  a  handsome  margin." 

Fig.  19  illustrates  a  modern  method  of  pillar  drawing.*  In  this 
method  a  cut  is  made  across  the  pillar,  and  an  8-foot  stump  is  left  ; 
then  this  stump  is  taken  in  a  retreating  direction  in  from  two  t<» 
four  Motions,  according  to  the  width  of  the  pillar.  In  the  example 
given  the  rooms  are  12  feet  wide  and  are  on  84-foot  centers.     After 


*  Cunninfthntn.    W.   W.,   "The    Betl    Method   <>f   Removing   Goal    Pillars."    Coal    Min.    Irw 
Amer.,   p.   275.   1910;    p.  35,   1911. 


ILLINOIS   ENGINEERING   EXPERIMENT  STATION 

the  removal  of  the  coal  in  each  section,  the  props  are  drawn  and 

the  roof  is  allowed  to  fall,  the  break  being  controlled  by  a  row 

n  the  end  of  the  cut.     After  the  last  section  of  the 

imp  has  been   taken  out,  the  last  of  the  track  drawn,  and  the 

ofJ  dropped  across  the  room  on  the  line  of  the  end  of  the 
remaining  pillar,  another  cut  is  made  across  the  pillar  and  the 
process  continues.  While  the  falls  represented  in  the  sketches  appear 
to  be  large,  a  better  break  is  obtained  with  these  than  with  short 
falls.  This  method  has  proved  to  be  safer  for  the  miners  and  to  give 
a  greater  recovery  of  posts  and  coal  than  the  methods  which,  pre- 

led  it. 

A  highly  developed  and  systematized  room-and-pillar  method  is 
the  so-called  concentration  method  used  in  some  of  the  mines  of 
the  II .  C.  Frick  Coke  Company,*  and  developed  largely  by  Patrick 
Mullen,  one  of  the  company's  inspectors.  This  method  was  designed 
to  satisfy  certain  requirements,  among  which  were  safety  of  operation, 

:ipleteness  of  extraction,  reduction  of  cost  through  the  greater  use 
of  machines,  and  an  increase  of  daily  output  per  man.  A  patent  cov- 
ering this  method  has  been  applied  for. 

It  is  well  understood  that  liability  to  accidents  is  decreased  by 
close  supervision.  Under  the  older  system  in  the  Connellsville  region, 
it  was  possible  for  the  face  boss  to  visit  each  working  place  only 
once  in  two  or  three  days.  In  order  to  increase  the  amount  of  super- 
ion  without  increasing  the  number  of  officials,  the  plan  of  getting 
the  working  faces  closer  together  was  tried;  this  plan,  however,  neces- 
sitated a  decrease  in  the  number  of  working  places  and  in  the  number 

vorkmen,  and  it  was  realized  that  only  by  increasing  the  production 
of  each  miner  could  the  output  of  the  mine  be  kept  up. 

The  only  possible  way  of  increasing  the  output  per  man  was  by 

ruck  work  with  machine  work.    This  substitution  was  made 

in  room  work;  but  it  was  found  that,  on  account  of  narrow  headings 

rw  room*  with  large  room  centers,  machines  in  the  narrow 

rk  tlone  would  not  accomplish  the  desired  results,  since  the  bulk 
of  tin  omea  from  the  pillars.    The  problem  of  the  use  of  ma- 

te pillar  extraction,  which  was  an  entirely  new  one  in  the  Con- 

|SV|11"  *****  been  worked  out  very  successfully  (see  Fig.  20). 

£5.  5£      z  fr^iTl*  ?iA%iranh\  ?e  H-  °- Prick  °°ke  c°m- 


PERCENTAGE   OF   EXTRACTION    OF   BITUMINOUS    COAL 


79 


The  mine  is  blocked  by  driving  at  A  double  butt  entries,  10  feet  wide 
on  50-foot  centers  and  1,200  feet  long,  across  the  panel  with  break- 
throughs every  100  feet;  the  pairs  of  butt  entries  being  driven  350 
feet  apart,  the  panel  is  divided  into  blocks  about  350  by  1,200  feet. 
These  blocks  are  then  subdivided  into  blocks  about  90  by  100  feet, 
by  12-foot  face  rooms  at  B  350  feet  long  on  112-foot  centers,  driven 
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Fio.  20.    Concentration  Method  in  Connellsville,  Pa.,  District 


at  right  angles  to  the  butt  entries  and  connected  by  10-foot  break- 
throughs on  100-foot  centers.  A  pillar  of  this  size  is  considered  ample 
to  support  any  thickness  of  cover  under  any  conditions  of  floor  or 
cover  to  be  found  in  the  Connellsville  region.  In  this  manner  a 
whole  panel  can  be  prepared  for  the  intensive  part  of  the  work  in 
which  butt  rooms  are  driven  from  the  face  rooms  10  feet  wide  on 
25-foot  centers. 

As  the  main  face  room  advances,  the  necks  of  the  butt  rooms  to 
be  driven  are  excavated  to  a  depth  of  three  machine  cuts.  After 
a  main  face  room  has  been  advanced  50  feet,  there  are  available 
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far  the  machine  to  cut  two  places  which  allow  a  production  of  forty 
tons ;  and  when  the  room  has  advanced  to  a  point  where  the  first  cross- 
out  is  turned  off,  there  are  three  places  to  cut  in  each  main  face  room 
yielding  sixty  tons.  This  main  room  may  continue  to  the  end  of 
the  section  or  to  the  end  of  the  coal  field,  butts  or  producing  entries 
being  turned  off  at  projected  distances.  It  is  necessary  that  the  oper- 
ation be  carefully  planned  and  that  the  proper  order  of  the  work 
closely  adhered  to.  Fig.  21  shows  the  general  schedule  of  oper- 
ations witli  the  position  of  the  line  of  roof  fracture  at  different  dates. 
It  ifl  claimed  that  the  general  plan  .can  be  easily  modified  to  suit  all 
conditions  such  as  depth  of  cover,  presence  or  absence  of  draw  slate, 
and  nature  of  coal,  bottom,  and  roof. 

The  projection  takes  three  forms  known  as  (a)  maximum,  (b) 
medium,  and  (c)  minimum,  according  to  the  rate  at  which  coal  is 
produced  (see  Fig.  22.)  The  maximum  plan  is  applicable  where 
the  thickness  of  cover  does  not  exceed  125  feet,  where  the  coal  is 
hard,  and  where  the  general  physical  conditions  of  roof  and  bottom 
are  good.  The  medium  plan  is  applicable  where  the  cover  does  not 
- 150  feet  with  the  same  physical  conditions  of  the  coal,  bottom, 
and  roof  as  for  the  maximum  plan.  The  minimum  plan  may  be 
applied  to  coal  underlying  any  thickness  of  cover;  the  coal  may  be  hard 
or  and   the  physical  conditions  of  roof  and  bottom  may  be 

good  or  bad,  provided,  of  course,  that  mining  machines  in  any  form 
bo  used. 

With  the  minimum  plan,  the  butt  rooms  are  driven  in  succession 
ich  room  is  50  feet  beyond  the  one  succeeding.     Two  butt 
advancing  furnish  40  tons  and  one  butt  rib  retreating  furnishes 
r  a  total  of  80  tons  on  the  retreat;  the  main  face  room  ad- 
Ids  60  tons,  or  a  total  of  140  tons  from  one  main  face 
entities  apply,  of  course,  to  coal  of  the  thickness  of 
mined  in  the  Connellsville  basin  — about  7  feet. 

edium  plan  will  yield  the  same  tonnage  from  the  advancing 

but  the  retreating  work  is  so  arranged  that  the  face 

butt   room  la  30  feet  behind  that  of  the  preceding  room. 

ant  allows  three  butt  rooms  to  be  advanced  at  a  time 

reduction  of  60  tons,  while  two  butt  ribs  are  being  extracted 

30  tons;  thus  140  tons  are  taken  from  the  butt 

"<1  60  tons  from  the  advancing  main  rooms,  a  total  of 

J¥  ••   main  room. 
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In  the  maximum  plan  the  working  of  the  butt  rooms  is  so  timed 
that  the  face  of  one  room  is  15  feet  behind  the  face  of  the  pre- 
ceding- one;  four  butt  rooms  are  advanced  and  four  butt  ribs  are 


^^s^ 


L 


I  RJ 


BUTT 


J 


"i  r 


BUTT 


"i  r 

(c) 


s^sssss^ 


1  r 


"i  r 


22.    Concentration  Method — Maximum,  Medium,  and  Minimum  Plans 

si  mi.  uily  withdrawn.    The  four  advancing  butt  rooms  will  pro- 

tons and  the  four  retreating  butt  ribs  will  produce  160  tons. 
With  the  60  tons  produced  from  the  advanced  main  room,  there  is 
800  tons  for  each  main  room. 
tummghly  systematized  and  proceeds  with  great  regu- 
larity.   After  the  miner  lias  cleaned  up  his  place  and  the  day's  run 
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is  completed,  the  machine  crew  enters  and  cuts  the  place  to  a  depth  of 
approximately  7  feet.  Following  the  machine  crew,  the  timber 
men  reset  any  posts  which  the  machine  men  have  removed,  post  up 
any  cross  bars  which  have  been  notched  in  the  coal  over  the  machine 
cut,  and  put  the  place  in  good  condition  according  to  a  prescribed 
system  of  timbering.  The  timber  men  are  followed  by  the  driller 
who  bores  the  holes  with  an  electrically  driven  drill.  The  driller  is 
followed  by  the  shot  firer  who  charges  and  tamps  the  hole,  and  after 
an  examination  of  the  conditions,  fires  the  charge.  After  the  coal  has 
been  shot  down,  empty  cars  are  placed  by  the  gathering  locomotives 
so  that  when  the  loader  arrives  at  his  working  place  in  the  morning 
he  finds  it  in  safe  condition,  the  coal  ready  to  load,  and  the  empties 
in  place.  Miners  loading  under  these  conditions  regularly  obtain 
18  to  20  tons  per  shift.  The  average  of  the  loaders  for  short-wall 
mining  machines  in  all  mines  of  the  company  for  the  month  of 
August,  1916,  was  approximately  nineteen  tons  per  shift.  At  mines 
where  there  is  a  full  equipment  of  mining  machines,  the  machine 
coal  runs  from  80  to  90  per  cent  of  the  total  output.  The  recovery 
under  the  concentration  system  is  from  90  to  92  per  cent,  while  under 
the  ordinary  methods  it  is  80  to  85  per  cent.*  In  the  values  given, 
the  top  or  bottom  coal  left  in  place  is  not  considered.  The  aver- 
age thickness  of  top  coal  left  is  about  6  inches  and  the  values  for  ex- 
traction, based  on  the  entire  thickness  of  the  seam  would  be  some- 
what lower  than  the  values  given.  Coal  is  left  for  two  reasons.  In 
the  entries,  from  6  to  8  inches  of  top  coal  is  left  as  a  protection.  In 
the  room  work,  such  top  or  bottom  coal  is  left  in  place  as  is  neces- 
sary to  keep  the  sulphur  content  of  the  coke  made  from  the  coal  down 
to  the  required  amount.  It  is  found  that  the  highest  sulphur  content 
of  the  bed  occurs  at  the  top  or  at  the  bottom  and,  by  frequent  analyses, 
it  is  determined  how  much  of  this  top  and  bottom  coal  may  be  left. 

22.  Central  Pennsylvania. — A  method  known  locally  as  the  ''Big 
Pillar  System"  has  been  developed  to  meet  conditions  incident  to  the 
soft  bottom  in  the  Lower  Kittanning,  "B,"  or  Miller,  bed  in  the  south- 
ern and  eastern  parts  of  Cambria  County,  and  in  the  adjoining  terri- 
tory.! 

The   physical   conditions   for   which   this   system   was   develo: 
include  a  hard  roof,  very  difficult  to  break,  and  a  soft  fire  clay  bot- 

*  Dawson,  T.  W..  Personal  Communication. 
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toni.  A  Band  rock  from  10  to  40  feet  thick  occurs  above  the  coal; 
bat  between  this  sand  rock  and  the  coal  there  is  usually  from  1  to 
6  ioet  of  slate  or  sandy  shale,  which  is  more  or  less  affected  by  the 
air  and  which  breaks  away  from  the  sand  rock,  especially  in  the  road- 
i'he  foiling  of  this  top  tends  to  relieve  the  pressure,  but  not 
enough  to  prevent  squeezing.  The  worst  squeezes  are  encountered 
where  the  sandstone  is  only  10  feet  thick. 


II. 
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'Big   Pillar"   Method   Used   in   Cambria    County,   Pa. 


l.'nder  these  conditions,  the  ordinary  system  of  turning  rooms  with 

r  f>0-foot  centers  does  not  work  satisfactorily.    When  the  room 

pillars  are  drawn  back  to  the  stump,  under  the  ordinary  "system  the 

>   so   great   that   a   stump,    even   30   or   40   feet   square, 

will  not  protect  the  entry.     Instead  of  breaks  occurring  in  the  roof 

along  (he  line  of  the  stumps  the  bottom  breaks  and  heaves,  and 

squeezes  occur.     Since  the  coal  is  soft  and  has  a  columnar  fracture, 

the  stump  is  hadly  crushed,  and  no  amount  of  timbering  is  sufficient 

■revent  the  closing  of  the  entry.    Thousands  of  feet  of  entry  and 

;i  coal  have  been  lost  as  the  result  of  squeezes  in  a  bed  of  this 

The  bed  is  only  about  3%  feet  thick  so  that  it  is  necessary  to 

take  up  the  bottom,  and  the  provision  of  space  for  storing  bottom  is 

the  considerations  involved  in  planning  this  system.     The 

[p  La  about  eight  per  cent. 

Pillar"  method  (Fig.  23),  haulage  entries  are  driven 

,m  :  and  looms  are  turned  up  the  pitch.     Entries  are  10 

iride.     Rooms  are  turned  on  100-foot  centers  from  the 

distance  of  from  100  to  125  feet  from  the  entry, 

'1"  rooms  are  turned  at  right  angles,  that  is, 
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parallel  with  the  entry.  There  is  thus  left  along  the  side  of  the 
entry  a  series  of  blocks  75  by  75  feet  or  75  by  100  feet,  according  to 
the  length  of  the  rooms  driven  from  the  entry.  As  soon  as  a  crooked 
room  has  intersected  the  straight  room  toward  which  it  is  being 
driven,  an  intermediate  room  is  turned  up  the  pitch  from  the  crooked 
room;  thus  the  rooms  above  the  crooked  rooms  have  50-foot  centers. 
The  straight  rooms  are  driven  to  such  distances  that  the  roof  will 
break  at  the  edge  of  the  big  pillar  or  by  settling  will  relieve  the 
strain.  Sometimes  they  are  only  250  feet  long,  and  sometimes,  under 
heavy  cover,  as  much  as  400  feet. 

When  the  straight  rooms  are  started,  they  are  widened  on  the 
outby  side  so  that  the  cross,  or  crooked,  room  can  be  turned  off  the 
straight  rib,  a  matter  of  importance  because  of  the  necessity  of  storing 
bottom  which  is  taken  up  in  the  roadway.  Beyond  the  crooked  rooms, 
the  straight  rooms  are  widened  on  the  inby  side;  thus  the  men  who 
drive  a  room  are  able  to  start  the  drawing  of  the  pillar  as  soon  as  the 
room  is  finished.  The  room  pillars  are  drawn  back  to  the  crooked 
rooms,  and  the  irregular  little  blocks  caused  by  the  necks  of  these 
rooms  are  removed  as  completely  as  possible.  The  big  block  is  then 
left  standing  to  serve  as  a  barrier  to  protect  the  entry,  and  if  the 
space  mined  out  is  sufficiently  broad,  the  roof  will  usually  break. 
Even  if  the  roof  does  not  break,  the  strain  seems  to  be  relieved  before 
reaching  the  entry.  The  upper  edge  of  the  big  pillar  may  be  badly 
crushed,  and  the  roadway  of  the  room  may  be  heaved  almost  down 
to  the  entry,  but  the  entry  itself  will  be  practically  unaffected. 

When  the  entry  is  finished  and  the  stumps  are  being  drawn,  the 
system  presents  a  special  advantage  in  that  a  better  output  can  be 
obtained  than  with  the  smaller  stumps.  Where  stumps  are  small,  the 
output  is  limited  to  the  work  of  two  gangs,  but  with  the  big  pillars 
eight  or  ten  places  may  be  worked  at  all  times  on  the  retreat.  The 
big  pillars  are  split  by  a  room  driven  up  from  the  entry  at  the  same 
time  that  a  skip  is  taken  along  the  rib  of  the  old  room.  These  two 
working  places  are  cut  through  to  the  old  falls  about  the  same  time. 
and  the  intervening  portions  of  the  pillars  are  brought  back.  This 
method  leads  to  large  recovery  of  coal,  although  there  are  no  st 
ments  available  concerning  the  exact  percentage.  There  is  some  1<>>s 
in  the  extraction  of  the  pillars,  and  the  coal  at  the  edge  <>i'  the  big 
pillars  is  badly  crushed.  The  method  is  not  used  in  other  bedl  in 
the  same  district,  because  the  conditions  are  better. 
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In  the  Somerset  County  district,  there  has  been  developed  a  panel 
un  which  permits  a  high  degree  of  concentration  of  work  and  a 
p  percentage  of  extraction.  The  coal  is  low,  and  the  miner  is 
obliged  to  push  his  ears  to  the  face  of  the  room  and  to  drop  them  down 
to  the  entry.  The  seam  often  dips  from  two  to  five  per  cent,  and  butt 
entries  are  driven  off  the  main  haulage  slope  on  a  grade  of  one  per  cent 
in  favor  of  the  load.  From  these,  entries  are  driven  to  the  rise  at 
convenient  distances,  from  which  rooms  are  turned  on  the  strike  of 
the  bed.  Not  only  does  the  method  result  in  a  high  percentage  of 
extraction  and  facilitate  the  handling  of  the  cars  by  hand  in  the 
rooms,  but  it  also  concentrates  the  work  of  mining.  Two  men  work- 
ing together  will  produce  from  ten  to  twelve  tons  of  pick-mined  coal 
per  day,  but  when  the  men  work  singly  it  has  been  found  that  a  good 
miner  can  load  from  seven  to  eight  tons  per  day.*  Under  this  system, 
the  total  extraction  is  reported  to  be  about  93  per  cent.  About 
50  per  cent  of  the  coal  comes  from  rooms  and  entries,  and  the 
remainder  from  pillars,  t  This  method  is  similar  to  that  illustrated 
in  Fig.  32,  page  102,  which  shows  a  plan  of  operation  of  the  Carbon 
Coal  Company  in  West  Virginia. 

Because  of  the  recognized  objections  to  the  room-and-pillar  system, 
much  attention  has  been  given  to  the  possibility  of  employing  the 
long-wall  system  in  the  Pittsburgh  bed  and  in  other  beds  of  western 
Pennsylvania.  So  far  as  can  be  learned,  there  is  only  one  mine  at 
which  a  long-wall  system  is  being  used  in  these  districts,  although 
there  is  an  approach  to  it  in  some  so-called  " panel  long-wall"  or 
"block  long-wall"  methods.  In  these  methods,  dependence,  however, 
is  not  placed  on  the  weight  to  break  down  the  coal;  in  fact,  weight 
at  the  face  is  prevented  so  far  as  possible  by  causing  the  roof  to  break 
near  the  face. 

It  is  worth  while  to  review  some  of  the  experiments  in  the  intro- 
on  of  Long-wall  methods,  because  it  is  only  by  these  methods 
that  complete  extraction  is  attained,  although  there  is  a  close  approach 
to  it  in  the  best  applications  of  some  forms  of  pillar  working. 

ipts}  was  started  about  1899  in  the  Lower  Kittan- 
ning,  '  or  Miller,  bed  where  the  coal  was  from  3  feet,  6  inches 

*Mt-  ^  Concentration  Methods,"  Coal  Age,  Vol.  9,  p.  345,  1916. 

i,   Edwar'l    H.,    Pernonal   Communication. 
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to  3  feet,  10  inches  in  thickness,  and  had  an  average  dip  of  eight 
per  cent.  The  roof  was  of  blue  slate  and  the  floor  of  hard  fire  clay. 
Most  of  the  coal  lay  under  a  fairly  level  surface  about  174  feet  thick, 
near  the  top  of  which  was  a  moderately  hard  sandstone.  The  plan 
adopted  involved  blocking  out  the  mine  with  entries  and  taking  out 
the  coal  in  each  entry  on  the  retreat.    The  faces  were  250  to  300  feet 


Fig.  24.     Block  Long-wall  with  Face  Conveyors 


long.  One  machine-cut  produced  from  125  to  150  tons  of  coal.  Break- 
rows  were  made  of  stout,  round,  hardwood  posts,  6  to  8  inches  in  diam- 
eter. These  were  capped  with  a  2-inch  lid  of  soft  wood  set  on  a  little 
slack  to  facilitate  drawing.  It  was  found  that  the  track  along  the 
face  took  up  too  much  space,  and  a  conveyor,  which  was  put  in  made  it 
possible  to  set  the  props  closer  to  the  face.  At  first  there  were  two 
faces,  one  slightly  in  advance  of  the  other,  each  served  by  a  conveyor 
which  delivered  coal  to  cars  let  down  the  block  entry.  Later,  as 
shown  by  Fig.  24,  a  conveyor,  by  which  the  coal  was  lowered  to  the 
cars  on  the  level,  was  installed  in  the  block.  Because  of  the  unfavor- 
able trade  conditions  in   1907,  operations  could   not  be  carried   on 
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with  the  regularity  essential  to  the  success  of  the  system  as  then  used. 
The  attempt,  accordingly,  was  temporarily  abandoned,  but  a  revival 
of  the  plan  is  being  seriously  considered. 

Another  attempt  at  long-wall  mining  was  made  with  very  similar 
mechanical  arrangements  in  the  Cement  seam  near  Johnstown.  In 
this  instance  two  faces  were  cut,  but  a  shortage  of  power  compelled 
the  abandonment  of  the  experiment  before  the  second  face  had  been 
completed.  Until  that  time  the  mining  had  been  economical  and  the 
\cry  was  almost  perfect.* 

At  present  the  Maryland  Coal  Company  of  Pennsylvania  is  using 
long-wall  conveyors  at  St.  Michael.  The  coal  is  about  forty-two 
inches  thick.  No  description  of  the  operation  is  available,  but  it  is 
evidently  considered  successful,  as  the  number  of  conveyors  is  being 
increased.  Two  other  companies  in  Pennsylvania  and  one  in  Mary- 
land have  recently  decided  to  employ  the  same  method.f 

Nummary  of  Facts  Relating  to  the  Percentage  of  Recovery 
in  Pennsylvania. — The  recovery  in  the  Pittsburgh  bed,  not  including 
the  coke  district,  is  estimated  to  be  about  80  per  cent.  This  esti- 
mate is  made  on  the  following  basis:  The  actual  tonnage  mined  is  com- 
pared with  the  computed  tonnage  of  the  district  worked  out;  every- 

•  ween  the  fire  clay  and  the  drawslate  is  included,  and  no  deduc- 
tion is  made  for  impurities  in  the  bed  or  for  the  average  thickness 
of  four  inches  left  on  the  bottom.  This  computation  is  obtained  from 
one  of  the  largest  operating  companies  of  the  district  and  is  based 
upon  actual  measurements.  It  is  the  opinion  of  this  company,  assum- 
ing that  this  method  of  calculation  is  used,  that  85  per  cent  is 
probably  thp  best  possible  recovery  in  this  district.  Some  other 
eompaniefl  claim  an  extraction  of  90  to  95  per  cent,  but  this  is  cal- 
culated after  deducting  the  coal  left  in  the  bottom,  the  bearing-in 

and  any  other  impurities  in  the  bed  which  are  taken  out  and 

;.    Such  high  recoveries,  of  course,  imply  careful  planning 

for  :  ion  of  pillars  and  for  the  execution  of  this  work  with- 

out delay.) 

Another  company  the  workings  of  which  lie  along  the  Monongahela 
rath   of   Pittsburgh,  estimates  the  recovery  as  86.7  to  90.6 
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In  the  Connellsville  district  the  best  practice  gives  from  80  to  85 
per  cent  with  the  methods  ordinarily  used  there.  With  the  new 
"concentration"  method  of  the  H.  C.  Frick  Coke  Company  a  recovery 
of  from  90  to  92  per  cent  is  obtained.* 

In  the  Johnstown  district  it  seems  impossible  to  obtain  estimates 
of  the  percentage  of  extraction,  because  all  the  seams  in  that  district 
vary  in  thickness  within  short  distances,  and  are  somewhat  cut  up 
by  rolls.  In  some  seams,  for  example,  the  Miller  seam  in  the  vicinity 
of  South  Fork,  the  recovery  is  almost  perfect.  The  conditions  are 
favorable,  the  roof  being  well  adapted  to  extraction  of  pillar  stumps  in 
retreating.! 

One  of  the  companies  operating  in  Jefferson  County  claims  an 
extraction  of  90  per  cent.  The  operations  are  in  the  Lower  Free- 
port  bed.  and  conditions  are  somewhat  peculiar  because  of  bad  roof, 
lack  of  uniformity  of  the  seam,  and  faults.  Each  district  requires  indi- 
vidual development  before  an  estimate  can  be  made  of  the  proportion 
of  faults  to  the  whole  area,  and  it  is  impossible  to  make  an  accurate 
estimate  of  recovery  until  a  district  has  been  completely  worked  out. 
The  value  given  represents  the  proportion  of  coal  extracted  from 
the  area  mined  in  which  coal  existed,  and  does  not  apply  to  the  area 
of  faults.! 

One  operator  in  Clearfield  County  estimates  an  extraction  of  95 
per  cent,  based  upon  the  amount  of  coal  mined  up  to  December, 
1916.1 

One  of  the  companies  operating  in  Somerset  County  estimates 
that,  where  mines  are  operated  in  an  area  of  less  than  300  acres 
and  under  a  cover  not  exceeding  200  feet,  the  recovery  should  be,  and 
in  a  number  of  instances  is,  in  excess  of  90  per  cent.  In  the  case  of 
a  property  of  1,000  or  more  acres,  where  the  coal  extends  underneath 
a  hill  giving  cover  of  300  to  700  feet,  the  recovery  is  from  85  to  90 
per  cent.  Low  coal,  faults,  and  adverse  grades  still  further  reduce 
this  percentage.  § 

The  attainment  of  the  higher  percentages  in  Pennsylvania  has  been 
reached  only  within  very  recent  years,  and  is  not  yet  by  any  means 
universal.     There  are  still  in  operation  a  large  number  of  old  mines, 
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mostly  small,  in  which  high  percentages  of  extraction  are  not  obtained. 
The  more  recent  operations  are  planned  for,  and  give,  probably  as 
high  a  yield  of  coal  as  can  be  expected  from  the  area  worked. 

24.  Maryland. — In  the  Georges  Creek  region  of  Maryland,  the 
Big-vein  coal  has  been  mined  for  about  one  hundred  years,  and  the 
methods  used  there  furnish  an  illustration  of  progress  in  coal  mining 
engineering  which  is  especially  interesting  in  view  of  the  increasing 
attention  given  to  the  percentage  of  recovery. 

In  a  paper  on  maximum  recovery  of  coal,*  H.  V.  Hesse  discussed 
the  wasteful  early  methods  of  mining  in  the  Georges  Creek  region  and 
susrpested  economic  methods,  as  follows : 


"A  region  of  uniform  and  unusually  severe  conditions  in  the  bituminous  fields 
has  been  selected  to  illustrate  the  results  obtained  over  a  long  period.  The 
Georges  Creek  region  of  Maryland,  with  remarkable  deposit  of  semi-bituminous 
•Big-vein'  coal,  has  operated  in  this  seam  and  shipped  to  the  market  for  nigh 
unto  a  hundred  years.  .  .  .  More  than  one  miner  still  lives  who  'dug 
coal '  bef  ore  the  war  with  the  South,  and  ...  he  tells  of  the  detail  method 
of  extracting  the  coal,  on  account  of  which  thousands  of  tons  lie  buried  to-day, 
much  beyond  recovery. 

' '  The  '  Big-vein '  seam  occupies  the  geologic  horizon  of  the  Pittsburgh  bed, 
but  differs  considerably  in  structure  and  quality  from  the  coal  of  Pittsburgh, 
Connellsville,  and  Fairmont.  .  .  .  The  top  coal  averaging  2  feet  thick  is  left 
up  for  a  roof.  Where  this  comes  down  the  strata  immediately  above  promptly  fol- 
lows. Very  little  of  this  top  coal  is  therefore  recovered.  Both  roof  and  breast  of 
the  seam  contain  slips  known  among  the  miners  as  'horsebacks,'  which  frequently 
fall  out  without  any  warning.  The  coal  is  soft  and  the  'butts'  and  'faces' 
entirely  absent. 

'The  methods  of  extraction  in  vogue  at  different  periods  in  the  history  of 

this  field  have  established  the  fact  that  it  is  impossible  to  maintain  wide  work- 

or    any    length    of    time.      Headings    are    driven    8    feet    wide    and 

rooms  from  12  to  15  feet.     In  the  earlier  days  there  was  practically  no  definite 

system  of  extraction,  headings  and  rooms  being  driven  at  random  and  no  pillars 

WW'  25  shows  such  a  method  in  use  about  1850.     This  is  reproduced 

i  an  actual  survey  made  under  the  most  trying  circumstances.     ...     It 

is  estimated  that   fully  55  per  cent  of  the  original  coal,  not  counting  the  top 

remains  and  it  is  expected  to  recover  at  least  one-half  of  this,  or  27  per 

>f  the  original,  by  careful  operation  and  the  use  of  about  double  the  amount 

•t  a  good  system  of  mining.     The  maximum  cover  over 
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iistriet   is   300   feet  and   the   few   comparatively  large   pillars,   which   were 
ertently  left  standing  at  irregular  intervals,  saved  the  balance  from  being 
1.     In  other  sections  of  the  same  mine  where  a  similar  method  was  fol- 
i.  bat  these  huge  pillars  not  left  in,  the  workings  are  entirely  closed  and 
the  remaining  pillars,  containing  over  50  per  cent  of  the  original  coal,  probably 
forever.     Fortunately  mining  operations  during  this  period   were  not  con- 
ducted on  a  large  scale  and,  consequently,  the  territory  thus  affected  is  limited 
very  small  portion  of  the  company's  holdings. 

illustrates  two  methods  followed  during  the  years  between  1870 
and  1880.  These  workings  are  inaccessible  to  surveys  at  the  present  time  owing 
to    tl  -    and    squeezes   induced   by   the   irregular   method    of    robbing   the 

small  pillars.  ...  In  the  first  method  .  .  .  the  rooms  were  14  feet 
and  pillars  26  feet.  These  pillars  were  found  to  be  totally  inadequate  and 
g  them  impossible.  Cross-cutting  the  pillars  at  frequent  intervals  was 
then  attempted  after  completion  of  the  rooms,  but  this  was  generally  accom- 
panied by  creeps  closing  a  whole  district  at  a  time.  The  maximum  height  of 
the  superincumbent  strata  in  this  territory  is  200  feet. 

'  •  Tin*   second  method  shown  on   Fig.   26   was  adopted   later.      .       .       .      By 
method  headings  were  driven  from  the  main  entry  on  the  rise  of  the  seam 
at   intervals  of   1,000   feet  to  the  level  above,   and  two  pairs  of  cross-headings 
turned  to  the  right.     The  rooms  were  driven  from  these  cross-headings  at  50-foot 
tnd  14  feet  wide,  leaving  a  pillar  of  36  feet.     The  length  of  the  rooms 
:   from   HO0  feet  to  550  feet.     These  pillars  were  also  of  insufficient  size, 
robbil  g  acted  spasmodically  and  although  more  coal  was  recovered  than 

in  the  adjoining  districts  a  great  deal  was  lost.     In  addition  to  the  small  pillars, 
of   robbing  them   was   calculated  to  promote   squeezes.     It   appears 
the  method  to  hold  the  strata  with  props  until  sufficient  coal  had 
removed  to  enable  the  weight  to  break  the  props.     As  a  general  rule,  how- 
attained  the  weight  had  induced  a  creep  which  is  well  known 
tl    within  a  territory  of  small  pillars. 
''represents  a  method  in  use  in  1890.     .      .      .     Rooms  were  turned 
••n  from  all  headings  on  100-foot  centers  and  pillars  split  by  half  rooms. 
rooms   varied  from  300  feet  to  600  feet  and  they  were  14  feet 
pillars  42%   feet  wide.     These  pillars  were  not  strong  enough  to 
•verlying    strata    of    500    feet    and    the   usual    creep    resulted    when 
commenced. 

method   adopted   in   1900.     The  maximum   dip   is   15  per 

thickness  of  superincumbent  strata  425  feet.     The  slope, 

ith  parallel  air-course  and  manway,  are  sunk  on  the  heaviest  dip  of  the 

™l  a  turned  off  to  right  and  left  at  intervals  of  1,000  feet 

i    per  cent  in  favor  of  the  loads.     From  these 

leflected   at  intervals  of  240   feet  at  an  angle  of 

on   a  grad.-  of    1   per  cent  to  7  per  cent.     Rooms 

100  to  800  feet  are  turned  on  the  rise  of  the  coal  from 
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these  cross-headings.  The  rooms  are  driven  15  feet  wide  on  65-foot  centers, 
leaving  pillars  50  feet  wide.  Twenty-five  rooms  are  driven  in  each  of  these 
diagonal  panels.  Unusually  large  protecting  pillars  are  left  along  the  main 
haulage  roads.  This  system  has  been  found  to  be  especially  adapted  to  rapid 
gathering  of  cars  thus  ensuring  a  large  tonnage.  It  has  been  found,  however, 
that  a  very  large  recovery  from  the  pillars  is  impossible,  owing  to  the  many 
sharp  angles,  which,  in  a  thick  seam  of  soft  coal,  are  always  difficult  and  ofttimes 
impossible  to  extract.  This  sharp-angle  method  was  even  resorted  to  formerly 
in  cross-cutting  the  pillars  preparatory  to  drawing  them,  but  this  has  been  changed 
to  a  rectangular  method,  thereby  increasing  the  actual  percentage  of  pillar  coal 
recovered  from  80  per  cent  to  83  per  cent.  The  distance  of  rooms  apart  has  also 
been  increased  in  the  last  few  years  to  100 -foot  centers  giving  pillars  85  feet 
thick.  It  is  expected  that  the  extraction  of  these  will  show  a  further  increase 
in  the  percentage  of  yield  from  pillars.  The  present  yield  from  headings,  rooms, 
and  pillars  under  this  system  is  about  90  per  cent,  considering  the  recovery  from 
headings  and  rooms  as  100  per  cent. 

Fig.  29  "illustrates  a  method  instituted  in  the  latter  part  of  1904.  The 
main  haulway  is  an  extension  of  the  slope  from  the  opposite  side  of  the  basin. 
Double  entries  are  turned  off  from  this  entry,  on  1  %  -per  cent  grade,  400  feet 
apart,  from  which  rooms  are  driven  directly  on  the  rise  of  the  coal.  Rooms  are 
from  13  feet  to  15  feet  wide  and  .  .  .  they  are  driven  at  100  -foot  intervals, 
leaving  a  pillar  85  feet  wide.  The  length  of  a  panel  is  about  2,500  feet,  con- 
taining 22  rooms.  There  are  five  such  panels  in  this  district  and  when  completed 
it  is  proposed  to  draw  the  pillars  in  a  retreating  fashion  with  the  line  of  pillar 
work  on  an  angle  of  45  degrees  across  the  whole  district.  A  similar  method  in 
another  district  ...  is  yielding  88^j  per  cent  from  the  pillars  with  a 
total  recovery  of  94  per  cent  from  headings,  rooms,  and  pillars      .  .      the 

greatest  height  of  the  overlying  strata  is  250  feet. ' ' 

George  S.  Brackett  states*  that  in  1898  he  made  some  careful 
estimates  of  the  percentage  of  recovery  over  a  period  of  a  year  in  the 
Georges  Creek  region  of  Maryland.  The  data  for  the  computations 
were  obtained  from  two  mines  which  were  worked  under  the  follow- 
ing general  conditions: 

The  thickness  of  coal  was  7  feet,  3  inches;  the  inclination 
was  5  to  18  degrees;  the  system  of  mining  was  the  room-and- 
pillar  retreating  mot  hod.  All  the  entries  were  driven  to  the 
boundary  before  any  rooms  were  opened,  and  a  good  line  was 

maintained   on   the  drawing  of   pillars.     No.    1    mine  had   mod- 
erate grades,  and  a  better  roof  than  No,  2.     No.  2  had  grades 
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steep  as  18  per  cent,  and  the  roof  was  decidedly  heavy  on 
pillar  workings. 
The  following:  results  were  obtained : 

Per   Cent   of  Pillars   Ob- 
Total  Per  Cent  tained,    Including 
of  Extraction                  Chain    and    Barrier 

Xo.  1  Mine 97.6 97.0 

Xo.  2  Mine 82.1 71.3 

The  average  total  recovery  of  the  two  mines  was  nearly  90 
per  cent. 

25.  West  Virginia. — The  modern  methods  used  in  the  large 
mines  of  West  Virginia  are  among  the  most  advanced  found  in  this 
country.  In  many  parts  of  the  state,  coal  mining  is  carried  on  by 
corporations  which  are  financially  able  to  conduct  operations 
with  a  view  to  ultimate  economy.  In  most  cases  this  ability  has  re- 
sulted in  the  development  of  methods  of  operation  which  lead  to  very 
high  percentages  of  extraction. 

In  the  Fairmont  district  in  the  northern  part  of  the  state,  the 
more  recently  opened  mines  are  planned  for  large  production  and  a 
percentage   of   extraction.     According   to    the   West   Virginia 
Geological  Survey,  the  Pittsburgh  bed,  which  is  the  one  mined  in  this 
ict,  contains  more  than  7  feet  of  clean  coal*  and  the  average 
Thickness  of  the  bed  is  about  8  feet.     The  newer  mines  are 
projected  on  the  panel  system;  the  last  rooms  on  each  room  entry 
are  turned  first,  and  the  pillars  are  drawn  immediately,  a  line  of 
break    being   maintained    at   an    angle    of   about   45    degrees    with 
the  entries.    A  plan  of  operation  used  in  this  district  is  illustrated  by 
30.    The  method  of  attacking  pillars  is  shown  in  Fig.  31.     One 
of  the  principal  operators  in  the  Fairmont  district  estimates  the  re- 
hire laid  out  systematically  on  the  panel  system, 
B5  to  90  per  cent  of  the  entire  seam.f 
A    company   operating  to  the  south  of  Fairmont  estimates   that 
good  recovery.    In  the  workings  of  this  company,  the 
7  per  een1  of  the  total  area;  the  pillars  down  to  the 
ent;  and  the  chain  and  barrier  pillars,  34  per 
in  these  three  classes  of  working  would  be  re- 
y.  100.  90,  and  70  per  cent.     This  would  give  a  total  yield 

TtL  II.,  p.  180,   1908. 
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of  86  per  cent.     This  company  has  no  very  accurate  figures  on  re- 
covery.* 

In  the  mines  in  the  Freeport  coal  bed  in  the  Piedmont,  or  Elk 
Garden,  district,  there  is  ordinarily  a  good  shale  roof,  although  there 
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Fig.  30.      Plan   OF  Working  •  -  Fairmo   NT,   Wkst  Virginia,   District 

arc  places  in  which  the  shale  is  replaced  by  sandstone.    In  the  mines 

in  the  Kittanning  bed  there  are  from  3  to  14  fed  ol  shale 
above  the  coal,  and  above  this  are  4o  feet  of  sandstone,  although 
there  are  places  where  the  sandstone  forma  the  roof  for  short  dis- 
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tanees.     The  percentage  of  extraction  in  this  region  is  about  90  per 
cent:   in   most   of  the  new  mines,  however,   an  extraction  of  97   or 

6' Undercut 
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heading  before  coal  >ra 5 
extracted 
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Fig.  31.    Pillar  Drawing  in  Fairmont,  West  Virginia,  District 


98  per  cent  is  being  reached.     This  rate  of  recovery  is  higher  than 

rmerly  was,  because  changes  have  been  made  in  the  order  of 

<1  riving   rooms   and   drawing   pillars.     The   earlier   custom   was   to 

drive  long  entries,  from  which  rooms  were  turned  on  the  advance. 

•  m  pillars  could  not  be  drawn  until  the  entry  was  finished 

of  the  danger  of  squeezes,  and  as  this  process  sometimes  occu- 

f our  or  five  years,  falls  occurred  w;hich  made  it  impossible  to 

a  high  percentage  of  the  pillars.    Under  the  present  system, 

driven  long  enough  for  20  rooms,  and  the  inside 

'  irned  first.     Work  on  room  pillars  is  commenced  as  soon 

H I   20  are  finished,  and  room  and  entry  pillars  are 

•i  out  rapidly.     Nearly  all  the  pillar  work  is  done  with  picks, 

arid  ttle  machine  work  carried  on  in  the  district.     The  pil- 

by  cross-cuts,  and  a  stump  about  four  feet  wide 
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is  left  next  to  the  end.     This  stump  is  removed  as  soon  as  the  cut 
through  the  pillar  is  finished.* 

In  the  Central  West  Virginia  district  the  operations  are  in  the 
Lower  Kittanning  bed  which  averages  6V2  feet  in  thickness. f  The 
conditions  are  almost  ideal  for  a  high  rate  of  recovery.  The  bottom 
consists  of  hard  shale.  The  immediate  roof  is  of  bone  coal  3  to  10 
inches  thick,  above  which  are  shales  of  varying  hardness,  10  feet  to 
15  feet  thick.  Above  this  layer  occurs  sandstone  of  an  average  thick- 
ness of  10  feet,  and  above  this,  shale  and  overlying  earth.  Nowhere 
is  the  overburden  greater  than  90  feet  in  thickness.  The  extremely 
favorable  nature  of  the  roof  is  shown  by  the  fact  that  a  complete 
break  is  easily  obtained  with  as  few  as  3  or  4  rooms.  In  more  recent 
workings  20-foot  rooms  are  turned  on  50-foot  centers.  The  rooms 
are  driven  300  feet  long,  and  a  50-foot  pillar  is  left  between  the 
heads  of  the  rooms  and  the  adjoining  air-course.  This  pillar  is  never 
pierced  except  in  case  of  extreme  necessity.  The  30-foot  room  pillars 
are  taken  out  by  driving  cross-cuts  through  them  every  30  feet  re- 
treating. The  entry  pillars  are  taken  out  with  the  room  pillars. 
If  the  entry  stumps  and  the  barrier  pillars  at  the  ends  of  the  rooms 
are  considered,  it  is  estimated  that  75  per  cent  of  the  coal  obtained 
is  taken  out  as  pillar  coal  and  25  per  cent  as  room  coal.  The  cost  of 
room  and  of  pillar  coal  is  about  the  same.  Bischoff  estimated  that 
the  recovery  is  at  least  90  per  cent,  and  possibly  95  per  cent,  although 
no  accurate  records  have  been  kept.  In  view  of  the  unusually  favor- 
able conditions,  it  seems  probable  that  this  estimate  is  correct  as  there 
is  no  apparent  reason  for  loss,  except  that  represented  by  the  small 
amount  of  coal  which  the  loaders  fail  to  shovel  up.  This  statement, 
of  course,  refers  to  only  the  area  of  actual  mining  operations. 

The  Pittsburgh  bed  is  being  worked  also  in  Braxton  and  Gilmer 
Counties  about  75  miles  south  of  the  workings  just  mentioned. 
While  the  same  method  of  working  is  followed,  the  physical  condi- 
tions are  different,  and  the  extraction  is  not  more  than  75  per  cent. 
The  coal  is  6  to  8  feet  thick.  The  bottom  is  of  fire  clay  8  to  15  feel 
thick,  and  the  immediate  roof  is  of  fire  clay  2  to  6  feet  thick.  Above 
this  occurs  a  sand  rock  thicker  than  that  found  in  the  neighborhood 
of  Elkins,  with  a  heavier  overburden.    In  this  southern  district  the 
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of  pillar  coal  is  about  three  cents  greater  per  ton  that  the  cost 
of  room  coal.* 

The  Kanawha   region  is  unlike  the  fields  farther  south  in  that 
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West  Virginia 

there  j-  a  larger  number  of  operating  companies  with  a  correspond- 

soncentration  of  ownership.    Because  of  the  number  of  in- 

diridua]  operations  it  is  impossible  to  give  any  general  or  standard 

but   the    room-and-pillar   method   is   universally  used.     At 

one  operator  is  leaving  a  large  barrier  pillar,  Fig.  32,  and  a 

imp  for  entry   protection.     The  first  break-through  is 

1'rom   the  entry,  and  break-throughs  are  kept 
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perfectly  lined  up.  Rooms  are  driven  in  order,  and  room  pillars  are 
drawn  back  to  the  first  break-through  as  soon  as  the  adjoining  rooms  are 
completed.  The  recovery  under  this  method  is  said  to  be  about  90  per 
cent  and  where  the  roof  is  extremely  good  as  much  as  95  to  97  per  cent.* 
In  a  paper  on  the  removal  of  coal  from  the  No.  2  Gas  Seam  in  the 
Kanawha  district,  J.  J.  Marshall  reported  a  very  high  percentage  of 
recovery  and  gave  the  following  facts  concerning  the  seamrf  The 
coal  bed  is  made  up  of  two  benches  separated  by  a  solid  parting 
the  thickness  of  which  varies  from  10  inches  to  40  feet.  It  has  been 
found  that  it  is  not  economical  to  remove  this  slate  when  its  thick- 
ness is  more  than  24  inches.  The  aggregate  thickness  of  the  two 
benches  averages  about  9  feet,  the  upper  bench  ranging  from  4 
feet,  6  inches  to  5  feet,  6  inches  of  clean  coal  and  the  lower  bench 
from  3  feet,  6  inches  to  4  feet  of  clean  coal.  Where  it  is  impossible 
to  mine  both  benches  together,  only  the  upper  bench  has  been  taken. 
The  thickness  of  cover  varies  from  a  few  feet  to  100  feet.  After 
the  ordinary  method  of  driving  rooms  and  of  drawing  pillars  on  the 
advance,  the  mine  described  has  been  developed  until  it  is  now  in 
position  for  the  butt  entries  to  be  worked  on  the  retreating  system. 
On  June  30,  1911,  the  percentage  of  recovery  was  said  to  be  as  shown 
by  Table  6,  nearly  all  the  coal  being  mined  by  pick  work : 


Table  6 
Pkkcknt.\<;k  of  Extraction  in  Kanawha  District 


Total   Acres 


Percentage    of    Recovery 


High  Coal,  Both  Benches  .     . 
Upper  Coal,  Upper  Bench  Only 


84.61 
67.87 

152.48 


91.8 
98.7 

94.9 


Computations  of  areas  arc  made  from  the  mine  map,  and  the 
method  of  computation  docs  not  insure  the  accuracy  of  the  percent- 
ages given.  It  seems  that  the  values  are  too  high.  If  there  is  a  Inss 
of  4  feet  or  more  in  thickness  across  the  working  face,  it  is  recorded. 
but  if  the  loss  is  less  than  this,  it  is  too  small  to  show  on  the  map 
which  is  drawn  to  the  scale  of  100  feet  to  the  inch,  and  the  recovery 
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is  regarded  as  practically  complete.     It  was  said  to  be  seldom  nec- 

iry  to  record  a  loss,  especially  in  the  upper  coal. 

In  the  Cabin  Creek  portion  of  the  Kanawha  district  little  atten- 
tion has  been  paid  to  the  extraction  of  pillars  until  recently,  and  the 
extraction  has  amounted  to  only  about  50  per  cent.     For  the  past 

or  4  years,  however,  the  extraction  has  been  about  85  per  cent. 
si  nee  the  proper  sizes  of  pillars  are  now  known  and  the  men  have 
a  better  understanding  of  pillar  work,  it  is  expected  that  the  per- 
centage of  extraction  will  show  some  further  increase.* 

Two  mines  in  the  New  River  field,  one  in  the  Fire  Creek  bed  and 
the  other  in  the  Sewell  bed,  have  a  recovery  which  is  considered 
practically  complete,  t  At  those  two  particular  mines  the  roof  con- 
ditions are  very  favorable;  in  other  sections  of  the  field  where  they 
not  so  good  and  where  less  attention  is  paid  to  recovery,  it  is 
thought  that  a  fair  average  extraction  is  about  90  per  cent.  J 

The  Pocahontas  district,  in  the  southern  part  of  West  Virginia, 
is  one  of  the  most  important  coal  producing  regions  in  the  country, 
largely  because  of  the  high  quality  of  the  coal.  Pocahontas  coal  is 
low  in  volatile  matter  and  therefore  is  nearly  smokeless;  it  contains 
little  ash  and  little  sulphur,  and  it  makes  an  excellent  coke.  Because 
of  these  characteristics  there  is  large  demand  for  it.    It  is  extensively 

d  in  coke  production,  in  power  plants,  in  the  navy,  and  in  domes- 
tic heaters.  For  coking  purposes,  however,  Pocahontas  coal  is  not 
used  so  extensively  at  present  as  it  was  a  few  years  ago.  Several 
beds  are  being  operated,  but  the  principal  mines  are  in  the  Poca- 
hontas No.  3  bed.  The  seam  varies  in  thickness  from  about  4  feet  on 
the  west  to  about  10  feet  on  the  east,  but  the  change  is  gradual  and 
the  thickness  is  quite  uniform  within  the  area  of  a  single  mine.  This 
am  lias  a  fire-clay  or  slate  bottom,  and  a  draw-slate  roof.fl  It 
always  has  one  streak  of  bone  about  2  inches  thick  to  which  the  coal 
adheres  on  both  sides;  consequently  when  a  piece  of  bone  is  thrown 
about  twice  as  much  coal  is  lost. 

The  No.  4  bed,  which  has  two  streaks  of  similar  bone,  is  found 
75  I     BO  feci  above  the  No.  3.    Above  this  bed  occurs  a  seam  of  inter- 

fttified  coal  and  slate  locally  termed  a  "black  rash."  This  rash 
eontaini  on  the  average  about  25  per  cent  of  ash,  and  it  is  considered 

•  Keely,   JoHiah,    Personal   Communication, 
mmunication. 

communication. 
1  Eavp.n-  i  Communication. 
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worthless,  but  sometimes  over  rather  large  areas  there  occurs  in  it 
a  streak  of  clean  coal  from  6  to  8  inches  in  thickness.  Miners  are 
supposed  to  leave  all  this  rash  in  their  working  places,  and  most  of 
it  is  left,  but  sometimes  some  of  this  clean  coal  is  loaded  out.  This 
fact  will  explain  the  higher  yield  from  the  No.  4  bed.  In  other 
words,  the  coal  actually  mined  and  loaded  sometimes  has  a  thickness 
greater  than  that  considered  in  calculating  the  contents  of  the  bed. 
The  fact  that  a  considerable  amount  of  good  coal  is  lost  with  the 
bone  explains  the  smaller  yield  in  mines  in  the  No.  3  bed.  It  is 
believed  that  if  it  were  not  for  this  loss  the  extraction  would  average 
about  95  per  cent. 

As  a  rule,  throughout  southern  West  Virginia,  the  coal  lands 
are  held  by  land-holding  companies,  which  lease  to  operating  com- 
panies. The  royalty  is  generally  10  cents  per  ton  of  coal  and  15 
cents  per  ton  of  coke,  with  a  yearly  minimum. 

The  beds  are  nearly  flat  and  quite  regular,  of  an  almost  ideal 
mining  height,  generally  with  good  roof  and  bottom,  and  with  little 
gas  and  water  in  the  drift  mines.  It  is  possible,  therefore,  to  lay  out 
a  definite  plan  of  mining  in  advance,  and  to  follow  such  a  plan  more 
closely  than  in  sections  where  natural  conditions  are  less  favorable. 
In  many  cases  the  landholders  specify  that  the  coal  shall  be  mined 
in  accordance  with  certain  plans,  and  prescribe  a  minimum  of  extrac- 
tion. Certain  departures  from  the  standard  methods,  however,  are 
permitted  where  it  seems  advisable. 

Fig.  33  illustrates  the  plan  of  development  formulated  by  the 
Pocahontas  Coal  and  Coke  Company,*  which  may  be  carried  out  by 
one  of  three  possible  procedures  as  follows: 

Panel  No.  1. — Drive  rooms  on  3rd  cross  entry  as  soon  as  come  to, 
begin  robbing  as  soon  as  second  room  is  completed  and  rob  advanc- 
ing on  2nd  and  3rd  cross  entries  to  within  100  feet  of  2nd  cross  entry, 
on  1st  cross  entry  drive  last  room  first  and  rob  retreating  as  shown, 
taking  out  the  barrier  pillar  left  on  2nd  cross  entry. 

Panel  No.  2. — Drive  entries  to  the  limit  before  turning  rooms  ex- 
cept as  shown,  turn  last  room  on  3rd  cross  entry  first,  begin  robbing 
at  inside  corner  of  panel,  develop  rooms  only  fast  enough  to  keep  in 
advance  of  robbing  and  bring  robbing  back  with  uniform  break  line 
until  completed  to  barrier  pillars. 


*  Stoek.    H.    II.,    "  Pocahontas    Region    Mining    Methods,"    Mines    and    Minerals,    Vol     J'.'. 
p.  395.     Stow,  Audley   H.,   "Mining  in  the  Pocahontas  Field/'   OmI   Age,    Vol     B,   i>.   594,    1 
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Panel  Xo.  3, — Continuous  panel,  drive  entries  to  the  limit  before 
turning  rooms  except  as  shown,  turn  last  room  on  1st  cross  entry 
rii^t.  begin  robbing  as  soon  as  second  room  is  completed,  develop 
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83.     Plan  of  Working  of  Pocahontas  Coal  and  Coke  Company 


rooms  only  fad  enough  to  keep  in  advance  of  robbing,  and  bring 
robbing  bar-k  with  uniform  breakline  until  limit  of  mining  is  reached. 
rding  to  W.  II.  Grady,  chief  mine  inspector  of  the  Poca- 
and  Coke  Company,*  the  essential  advantages  of  this 
plan  of  mining  include:  provision  for  tonnage  during  the  develop- 
ment period,  provision  for  meeting  the  market  demand,  large  barrier 
pillars   insuring  a^ainsl    squeezes  and  rendering  impossible  the  de- 

uIh  of  Mining  Methods  with  Special  Reference  to  the  Maxi- 
W.    Va.    OmJ    Mm.    Inst.,    Dec.    1913;    Coal   Age,   Vol.   5,   p.    156,    1913. 


PERCENTAGE    OF    EXTRACTION    OF    BITUMINOl'S    COAL 


107 


struction  of  coal  over  an  extended  area,  4-entry  system  for  all  exten- 
sive main  entries  with  two  as  intakes  and  two  as  returns  with  break- 
throughs intervening  only  at  the  points  where  the  cross  entries  turn 
off,  rendering  unnecessar}*  the  building  of  expensive  masonry  brat- 
tices every  80  feet,  and  insuring  the  maximum  quantity  of  air  for 
ventilation  at  a  minimum  cost  for  brattices  and  ventilating  power, 
and  cross  entries  with  narrow  chain  pillars  which  permit  the  rapid 
advance  of  the  entry. 

The  success  of  this  method,  with  regard  to  high  output,  is  shown 
by  the  values  given  in  Table  7,  taken  from  Grady's  article.  The 
percentage  of  recovery  is  based  on  the  thickness  of  the  total  seam. 
including  the  portion  rejected.  The  lower  percentages  of  extraction 
shown  in  Table  7  were  reached  where  pillars  were  being  robbed  after 
standing  for  many  years.  Operations  had  not  proceeded  far  enough 
at  the  date  of  the  paper  quoted  to  permit  a  definite  statement  as  to 
how  great  the  final  recovery  would  be.  A  later  statement*  has  been 
received  to  the  effect  that  the  mines  of  the  lessees  of  the  Pocahontas 
Coal  and  Coke  Company  will  probably  show  an  average  recovery  of 
90  per  cent.  Since  some  of  these  operations  have  extended  over  many 
years  and  since  they  were  not  so  well  managed  formerly  as  at  present, 
it  is  probable  that  the  recovery  now  is  more  than  90  per  cent. 

In  the  Pocahontas  district,  much  attention  has  been  given  to  the 
subject  of  recovery,  and  the  values  which  have  been  supplied  by 
operating  companies  arc  as  accurate  ;is  such  values  can  be  made.     H. 


Table  7 
Recovery  of  Coal  in  Mines  of  Pocahontas  Coal  and  Coke  Company 


Thick- 

Acres 

Total 

Total 

Tons 

Theoret- 

IVr- 

Pro- 

Plant 

ness  of 

Seam 

in  Feet 

of 
Entry 
Mined 

of 
Rooms 

Mined 

of 

Pillars 

Mirxd 

(Lena 
Mined 

Tonneae 
Mined 

Mined 
per  Ac  r< 

ical  Tons 

per  Ac  r>- 

of  K<- 

cca  try 

portion 
ed 

1 

6.15 

3.06 

i  67 

11.03 

18.66 

165,254 

8.856 

9,922 

89  3 

0  24 

-' 

5.65 

4.40 

4.80 

14.80 

24  00 

188,391 

8,185 

'.Mi:. 

89  79 

A 

:.  16 

2.68 

6.52 

15  80 

25  00 

180.386 

7,216 

86  6 

4 

4  42 

5.88 

8.65 

13  <>«.) 

27.62 

192.4H7 

7.131 

97.6 

.-. 

5  94 

7.00 

10  09 

19.20 

36  29 

.U4.005 

9,203 

6,662 

«»f,  o 

-. 

2.11 

3  64 

0     60 

15.04 

64,427 

6,666 

<«l    o 

0.31 

7 

:i  81 

6.34 

0  00 

9  65 

'MMI 

v  61  J 

o  60 

1 

b  ia 

3.72 

6.06 

9.72 

16  60 

111 

VIM 

s.777 

•» 

t  66 

S    ]o 

If.  so 

■J  84 

27   24 

201,044 

7.:w> 

0    is 

10 

8  03 

I    17 

in  06 

11  < 

II  ' 

•  •nson,    Howard    N\,    Personal    <  'onmiuniratinn 
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X.  Eavenson,  whose  communication  has  already  been  referred  to 
with  regard  to  the  character  of  the  beds  mined,  says  that  the  measure- 
ments of  areas  worked  out  are  as  close  as  it  is  possible  to  get  them 
on  a  large  scale.  The  thicknesses  given  are  those  of  the  clean  coal,  and 
do  not  include  any  bone  or  black  rash.  In  many  instances  a  record 
has  been  kept  of  coal  left  in  small  areas,  and  the  values  shown  by 
these  tests  agree  very  closely  with  those  given  in  Table  8.  It  will 
1  e  seen  from  the  table  that  the  amount  of  extraction  for  mines  9,  10, 
and  11  is  given  as  more  than  100  per  cent.  This  record  is  explained 
by  the  statement  previously  made  concerning  the  loading  out  of  coal 
supposed  to  be  left  in  the  mines.  At  No.  9,  the  rash  is  much  cleaner 
than  at  the  other  mines  of  the  company,  and  while  the  seam  is  thicker, 
it  carries  only  a  very  small  amount  of  dirt;  thus  a  higher  percent- 
.     of  clean  coal  is  given. 


Table  8 

Statkment  of  Thicknesses  and  Recoveries,  all  Mines,  United  States 
Coal  and  Coke  Company  1902  to  1916,  Inclusive 


Mine 

Area  Worked  Out 
per  Cent 

Average 

Thickness 

Clean 

Coal 

Net  Tons 

Recovered 

Per  Acre 

Foot 

Percentage 

of 
Recovery 

No.  of 

Seam 

Worked 

Date  of 

First 

Shipments 

No. 

Rooms 
and 

Pillars 

Entries 

1 

54.5 

5.52 

1746 

97.0 

3&4 

1903 

59.7 

40.3 

5.67 

1790 

99.4 

4 

1902 

I 

61.2 

38.8 

4.56 

1429 

79.4 

4 

1903 

» 

57 . 3 

42.6 

6.19 

1581 

87.8 

3 

1904 

S 

36.5 

6.88 

1606 

89.2 

3 

1904 

63.6 

36.4 

6.09 

1769 

98.3 

4 

1903 

7 

M  9 

33.1 

6.27 

1770 

98.3 

4 

1905 

8 

70.8 

29.2 

5.98 

1728 

96.0 

4 

1905 

1 

74.2 

25.8 

7.24 

1908 

106.0 

4 

1908 

10 

85.1 

14.9 

5.31 

1806 

100.3 

3&4 

1907 

11 

73.3 

26.7 

5.26 

1807 

100.4 

3&4 

1907 

12 

m  B 

65.9 

30.2 
34.1 

8.22 
5.95 

1622 
1738 

90.0 

3 

1908 

96.5 

At  the  No.  3  mine,  which  shows  the  lowest  percentage  of  extrac- 
tion,  the   roof   is  exceedingly  bad.     Above  the  coal  there  occurs  a 
ale  and  slate,  from  5  to  10  feet  thick,  which  it  is  impossible 
ipport  even  by  close  timbering.    The  mining  practice  is  fully  as 
this  mine  as  at  the  others,  but  the  yield  is  much  less  because 
f>f  t!  difficnll  conditions.     The  table  shows  the  areas  worked 

out  at  different   mines  and  the  percentages  recovered.     It  is  Eaven- 
pinion  thai  tin-  a  .  recovery  in  the  larger  mines  through- 
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out  the  Pocahontas  field  is  fully  90  per  cent,  and  that  in  many  mines 
even  a  higher  figure  is  reached. 

One  of  the  landholding  associations  of  the  Pocahontas  district 
furnishes  information*  concerning  some  of  the  operations  of  its 
lessees,  and  submits  a  table  (Table  9)  showing  the  percentage  of  re- 
covery.    It  takes  account  of  operations  up  to  January  1,  1917. 

Table  9 

Percentage  of  Recovery  on  Live  Work  and  Robbing 
Pocahontas  District 

January  1,  1917 


Area  Mined 

Percentage  of  Recovery 

Net  Robbing, 

No. 

of 
Mine 

Assuming  that 

Total 

to 
Date 

Live  Work, 

Robbing, 

Live  Work 

Gross 

37^£  per  cent  of 

Per  cent 

Per  cent 

(Assumed) 

Robbing 

Gross  Robbing 
was  Mined  as 

Live  Work 

1 

16.1 

83 . 9 

97 

84.6 

77. 2! 

86  6 

2 

.3 

99.7 

97 

73.4 

59  2 

73.5 

3 

9.4 

90.6 

97 

81.2 

71.7 

82.7 

4 

24.2 

75.8 

97 

80.6 

70  7 

84.6 

.'. 

38  3 

61   7 

97 

76.9 

64.8 

84  6 

6 

12.1 

s7   '.< 

97 

87.0 

81.0 

88.2 

7 

15.5 

M    .". 

97 

77.5 

65.8 

80  6 

8 

15.4 

84.6 

97 

79.3 

68.7 

82.0 

9 

51.8 

48.2 

97 

83.3 

73.9 

90.4 

10 

53.7 

46.3 

97 

83.4 

75.2 

90.7 

11 

63  5 

36.5 

97 

86  0 

79.4 

93  0 

13 

51   7 

48.3 

97 

81.9 

72  8 

89.7 

'Values  obtained  by  assuming  that  37.5  per  cent  of  the  pillar  work  is  done  under  the  same  con- 
ditions as  live  work,  i.  e.,  with  recovery  of  97  percent;  thus  0.625  X  -|- 0.375  X  97  =  84  .  fi,  X  =  77   J 


It  will  be  noted  that  the  extraction  at  mine  No.  2,  the  first  of  the 
leases  to  exhaust  the  No.  3  Pocahontas  seam,  is  not  more  than  73  or 
74  per  cent.  In  addition  to  the  losses  which  will  be  mentioned,  there 
was  a  considerable  loss  here  of  top  coal.  A  thickness  of  18  to  2  \ 
inches  was  left  up  in  the  first  mining  with  the  expectation  that  it 
would  be  recovered  on  the  retreat,  but  most  of  this  coal  was  ultimately 
lost  on  account  of  the  bad  roof.  It  is  also  possible  that  the  loss  in 
the  coke  yard  at  this  plant,  where  the  maximum  number  of  ovens 
was  run  in  proportion  to  the  output,  amounted  to  almost  double  the 
average  tabulated  amount. 

An  inspection  of  the  table  shows  that,  in  most  cases,  the  highest 
percentage  of  recovery  lias  been  readied  at    those   mines  where  the 


*  Lincoln,  J.  J.,  Personal  Communication. 


HO  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

pillar  work  has  been  least  in  proportion  to  the  live  work,  that  is, 
at  those  still  in  the  earlier  stages  of  working.  Future  operations  in 
these  mines  may  be  expected  to  lower  these  values,  but  it  would  seem 
that  80  per  cent  would  be  a  very  conservative  estimate  of  the  average 
amount  of  eoal  that  should  be  won  in  the  various  mines  of  the  prop- 
erty up  to  the  exhaustion  of  all  properties  under  lease. 

.1.  J.  Lincoln  has  discussed  losses  in  the  Pocahontas  field,  and 
the  facts  brought  out  are  of  general  interest  in  connection  with  the 
subject  of  coal  recovery.  It  is  said  that  losses  may  be  considered 
under  three  headings;  (a)  mixing  of  coal  with  refuse,  (b)  loss  in 
drawing  pillars,  and  (c)  loss  in  coke  making. 

There  is  loss  in  removing  the  bone  and  pyrite  from  the  coal,  as 
.»al  adheres  to  the  refuse.    Under  the  present  mining  methods, 
tli is  loss  is  from  2  to  4  per  cent,  and  occurs  in  both  new  work  and 
robbing 

The  following  losses  are  to  be  expected    in    pillar    drawing    in 

addition  to  loss  of  coal  attached  to  refuse:     (1)   In  drawing  each 

stamps  are  occasionally  crushed  by  the  pressure  of  the  top  before 

broken  rock  from  the  adjacent  gob  from  covering  the  coal.     This 

H  will  run  from  3  to  10  per  cent,  according  to  conditions.      (2) 

When  the  pillars  are  drawn  by  splitting,  a  similar  loss,  frequently 

eater,  occurs.      (3)    As  the  drawing  progresses  small  sections  of 

nips  are  occasionally  crushed  by  the  pressure  of  the  top    before 

they   .an   be  removed.      (4)    Stumps,   sections  of   pillars,   or  entire 

pillars  may  be  crushed  by  the  weight  before  they  can  be  removed, 

may  be  surrounded  and  cut  off  by  the  broken  top.     In  the  mines 

where  actnal  losses  from  this  source  are  closely  recorded  they  do  not 

icfa  1  per  cent,  and  there  is  no  mine  in  which  they  will  reach  2 

Mt.     The  third  loss  is  not  directly  chargeable  to  mining,  but 

in  the  making  of  coke.    Where  the  tonnage  of  coke  produced 

is  u  l  a  measure  of  the  amount  of  coal  taken  out,  this  loss  be- 

eom  litigant    in   calculating  the   percentage  of  coal  won.     The 

do  used  by  the  company  in  all  calculations  of  tonnage  has  always 

i  L6  tons  of  eoal  to  one  ton  of  coke.    This  ratio  assumes  an  actual 

ield  of  S2y2  per  cent  of  coke,  but  in  practice  this  yield  is 

not    obtain"^!,    the    average    yield    under    existing    conditions    being 

'     This  loss  has  always  been  charged,  with  the  other 

losses,  directly  against  the  mining.    This  ratio  cannot  be  used  directly 

m  determining  the  actnal  amount  of  coal  mined,  because  only  a  part 
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of  the  coal  is  coked.  The  loss  varies  in  amount  from  1  to  5  per  cent, 
according  to  the  conditions  in  the  different  operations,  and  the  ac- 
tual percentage  of  extraction  is  slightly  higher  than  that  given  in 
the  table  because  of  this  error. 

Losses   in  mining   and   coke   making   may   then  be  tabulated   as 
follows : 

"(a)   Removing  Refuse — Coal   thrown  into  gob  with  bone 
and  sulphur  bands     .     .     2  per  cent  to     4  per  cent 

(b)  Robbing:— 

1.  Stumping,  or 

Splitting  pillars   .     .     2  per  cent  to  10  per  cent 

2.  Sections  or  Stumps  .     0  per  cent  to     2  per  cent 

3.  Pillars  lost  ....     0  per  cent  to     2  per  cent 

(c)  Additional  coal  consumed  in  coke  making  over  and 
above  the  amount  covered  by  the  constant  of  calculation, 
1.6  tons  equals  1  ton  coke      1  per  cent  to     5  per  cent 

Total     .     .     5  per  cent  to  23  per  cent'" 

A  peculiar  system  followed  by  the  (Jay  Coal  and  Coke  Company 
of  Logan,  West  Virginia,  and  called  a  single-room  system*  has  re- 
sulted from  an  attempt  to  apply  the  Long-wall  method  to  a  seam  the 
average  thickness  of  which  is  5  feet,  7  inches.  This  seam  dips  to  the 
southwest  about  1%  per  cent,  is  practically  free  from  partings,  and 
is  of  the  nature  of  splint  coal,  the  bottom  bench  being  rather 
strong,  and  the  top  bench  somewhat  friable.  The  average  thickness 
of  cover  does  not  exceed  500  feet  while  the  maximum  is  Lean  than 
1,000. 

A  block  of  coal  was  cut  by  two  entries  b'OO  feet  long,  Noa.  4  and  5 
(Fig.  34).  These  were  connected  at  their  extremities,  which  where 
300  feet  apart.  The  purpose  was  to  take  out  the  block  of  coal  thus 
formed  in  a  retreating  direction  by  commencing  at  the  inner  end 
and  by  working  outward  with  a  face  about  300  feet  long.  One 
hundred  beech  <>r  hickory  posts  were  used  to  BUpporl  tic  roof  near 
the  face.     The  top  of  each   was  covered   with   1-inch  poplar,  and  the 


*  (ray,  H.  S..   "A  Single-room  System,"    PrOC.   OmI   Mm     In-t     Am.-r  ,   p.    157,    1906;    Mine* 
and  Minerals,   Vol.   27,  p.   325,   1906;   Personal   Communication 
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•*i   n  ic  i«»li  sheet  steel     Each  post  was  mounted  on  a  hy- 
JS  2i!ffli  —  S.  PO^-  rr  pressure. 

£SKta»  « -r  ThTcost  of  the  equipment 

""^rStSs^e  more  than  30  feet  apart,  rows  of  props 

.   V"o  t      nTe  "--  -t  8  to  10  feet  apart.    When  the  distance 

;t:.enl  walls  had  reached  60  feet,  the  portable ,  pos*  were £ 

i„,o  use.  a  row  of  50  posts  on  6-foot  centers  being  set  10  feet  from 


Fig.  34.    Single  Room  Method,  Logan  County,  West  Virginia 

the  The  heads  were  covered  with  wooden  cap  pieces,  and  the 

plunger,  were  raised  by  a  pressure  of  50  pounds  per  square  inch. 
Wh.-n  the  face  had  advanced  6  feet  farther,  the  other  50  posts  were 
pot  in;  as  the  work  progressed,  the  first  row  was  moved  6  feet  ahead 
„f  the  leeond,  the  posts  being  moved  one  at  a  time.  An  occasional 
similar  to  the  first  was  also  set  as  a  precautionary 

the  walls  were  100  feet  apart,  it  was  thought  advisable  to 

down  the  roof.     The  portable  posts  were  set  in  a  single  row 

from  the  face.     Examination  after  the  rock  had  fallen  showed 

roof  consisted  of  a  seam  of  strong  sand  slate  at 

thick  without  any  sign  of  a  parting  and  that  difficulty 
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would  be  encountered  in  attempting  to  apply  the  long-wall  method 
in  this  mine. 

The  advantages  to  be  derived  by  working  on  a  long  face  were  so 
great  that  the  company  devised  another  plan  which  involved  work- 
ing out  the  remainder  of  the  block  by  a  system  of  rooms  80  feet  wide, 
parallel  with  the  long-wall  face  and  separated  by  30-foot  pillars.  Each 
room  was  to  be  opened  by  driving  a  sub-entry  across  from  entry  No. 
4  to  entry  No.  5  (Pig.  34),  and  thereafter  the  manner  of  working 
was  to  be  identical  in  every  respect  with  that  of  the  long-wall  system. 


-J 


LMJULi' 


ii 


Fig.  35.     Big  Room  Method,  Logan  County,  West  Virginia 


Prom  the  experience  gained  it  was  thought  that,  with  the  roof 
in  normal  condition,  rooms  could  be  worked  90  feet  wide  with  30- 
foot  pillars.  Entries  Nos.  4  and  5  were  therefore  continued  east- 
ward, and  sub-entries  were  spaced  for  the  rooms  as  shown  on  the 
map  (Fig.  35).  The  last  of  the  sub-entries  was  widened  to  40  f< 
and  a  single  row  of  ordinary  props,  8  to  10  inches  in  diameter,  Wlfl 
set  close  to  the  face  on  15-foot  centers.  When  the  face  had  moved 
10  feet  farther,  a  second  row  was  §et.  When  the  room  had  readied 
a  width  of  sixty  feet,  a  row  of  portable  posts  was  set  on  10-foot  cen- 
ters, and  at  70  feet  another  row  was  Bet    The  ordinary  props  i 

d  for  detecting  the  action  of  the  root. 
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One  of  the  advantages  of  this  system  of  mining  is  that  a  large 
amount  of  coal  per  employee  may  be  obtained.  In  fact  the  produc- 
tion per  man  is  considerably  greater  than  with  the  room-and-pillar 
method,  and  greater  even  than  would  be  possible  with  the  long-wall 
method.  The  highest  rating  in  this  seam  for  car  distribution,  ex- 
clusive of  this  mine,  is  13  tons  per  loader;  this  mine  is  rated  at  20 
tons  per  loader.  It  is  the  opinion  of  Mr.  Gay  that  it  would  be  pos- 
sible to  produce  about  11  tons  per  inside  employee  per  9-hour  day 
for  five  days  a  week.  The  method  also  results  in  the  recovery  of  a 
very  high  percentage  of  coal.  A  calculation  based  upon  the  number 
of  tons  shipped  and  the  area  excavated,  according  to  planimeter 
measurement,  indicates  that  the  extraction  was  85.9  per  cent. 

Since  this  description  was  published,  the  system  has  been  mod- 
ified to  reduce  the  narrow   work,    but   the    general    plan    has    been 
followed.     Instead  of  driving  a  single  room  to  form  the  working 
face,  parallel  rooms  separated  by  an  18-foot  pillar  are  driven;  thus 
the  use  of  brattices  is  unnecessary,  and  ventilation  is  improved.    The 
hydraulic  posts  were  soon  abandoned,  as  posts  without  the  hydraulic 
adfl  are  cheaper,  and  they  are  easily  recovered.     One  of  the  most 
important  facts  concerning  the  operation  is  that  there  has  not  been 
angle  fatal  accident  in  the  mine  since  work  was  begun. 
Another  system  in  which  an  effort  was  made  to  obtain  the  advan- 
of  long-wall  working  was  tried  a  few  years  ago  in  West  Vir- 
ginia.*   In  developing  this  system  (Fig.  36)  triple  entries  are  driven 
from  the  outcrop,  near  which  double  entries  are  turned  off  at  right 
angles.     Prom  these,  entries  are  driven  parallel  with  the  main  entry; 
thus  blocks  of  eoal  about  900  feet  wide  are  cut  off.     Block  entries 
turned  from  the  main  entry  and  from  these  side  entries,  parallel 
wiTh  I  ■  entry,  spaced  about  500  feet  apart,  and  driven  for 

about   B00  feet;  thus  the  coal  is  blocked  into  areas  approximately 
900  feet.     In  working  these  blocks,  a  room  is  turned  first  at 
d  of  the  block  entries  to  form  a  working  face  for  the  long-wall 
The  blocks  are  then  worked  back  toward  the  main  entry 
thus  a   barrier  of  300  feet  protects  each  main  entry. 
is  bud  along  the  \  near  the  coal  as  possible,  and  is  moved  as 

The  roof  is  allowed  to  fall,  but  the  line  of  break 
the  eorred  distance  from  the  face  by  three  or  more  rows 


...  ot  Retreating  Long- wall  "  Proc.  W.  Va.  Coal  Min.  Inst. 
.»r*ii.         .\.j  .r-onal  Communication,  and  Patent  Specifications. 
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of  props,  the  last  row  being  moved  forward  after  a  cut  is  made.  The 
trolley  wires  are  hung  on  hangers  as  usual,  but  to  keep  them  tight 
they  are  carried  on  portable  drums.  Current  for  the  motor  and 
machines  along  the  face  is  taken  from  the  trolley  wire  on  the  entry 


Fig.  36.     Block   System    of   Retreating    Long  wall.    West   Virginia 

by  means  of  a  cable  which  is  also  eoiled  on  a  portable  drum.  Wntiia 
tion  is  controlled  by  placing  i  regulator  in  the  return  air  eouree  of 
h  Murk.  Each  block  or  faro  is  provided  with  I  asperate  Bupplj 
of  fresh  air  by  having  overcasts  placed  at  the  air  counee  to  admit 
the  return  air  Into  the  main  air  court*  entry.  No  doors  are  required 
at  any  points  in  the  mine. 
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It  was  claimed  for  this  method  that  a  block  will  produce  440  tons 
jut  day  with  the  use  of  only  500  feet  of  track  in  addition  to  that  on 
the  entries,  that  practically  all  the  coal  is  obtained,  and  that  the 
work  of  the  rolling  stock  and  cutting  machines  is  concentrated.  The 
trial  of  this  method  was  temporarily  abandoned  because  of  an  inade- 
quate ear  supply,  but  the  work  was  considered  successful.  It  was 
not  carried  far  enough  to  provide  reliable  data  for  an  estimation  of 
total  extraction. 

26.  Ohio.— The  literature  of  coal  mining  contains  little  informa- 
tion regarding  conditions  in  Ohio.  Some  of  the  operations  in  the 
Hocking  Valley  district  have  been  described  in  articles  which  state 
that  large  quantities  of  coal  are  left  in  the  roof  because  of  the  poor 
quality  of  the  product.  An  article  on  Hisylvania  Mine  No.  23  states* 
that  the  bed  mined  in  the  Hocking  Valley  district  is  the  Middle 
Kittanning,  Hocking  Valley,  or  No.  6.  The  bottom  consists  of  a  few 
inches  of  fire  clay  overlying  hard  rock.  The  roof  is  of  shale,  6  to  8  feet 
thick.  The  coal  bed  consists  of  three  benches.  The  thickness  of  good 
coal  is  about  6  feet,  and  above  this  is  about  5%  feet  of  a  poorer  coal 
separated  from  the  lower  portion  of  the  bed  by  a  distinct  parting. 
This  upper  bed,  with  the  upper  bench  of  the  lower  bed,  is  known  as 
top  coal.  In  this  district  all  coal  in  excess  of  6  feet,  and  in  many 
places  in  excess  of  4%  feet,  is  to  be  credited  to  this  upper  bench 
which  has  a  maximum  thickness  of  10  feet. 

James  Pritcharclf  estimates  the  percentages  of  extraction  in  the 
districts  as  follows: 

In  the  Pittsburgh  vein  district,  the  Cambridge  field,  and  the 
Hocking  field,  districts  which  produce  approximately  three-fourths  of 
the  coal  of  the  state,  the  rate  of  extraction  will  range  from  60  to  70  per 
cent.  In  the  Massillon  and  Jackson  fields,  the  rate  of  extraction  may 
35  per  cent.  In  the  Deerfield  and  Mahoning  districts,  the  rate 
of  extraction  may  reach  85  per  cent.  Throughout  the  remainder  of 
the  state,  the  maximum  percentage  of  extraction  will  run  from  60  to 
70  per  "fit.  The  average  rate  of  recovery  is  approximately  60  per 
at,  with  h  minimum  of  55  per  cent  and  a  maximum  of  75  per  cent. 


*  Burroughs   W.   <i  ,   "  Hisylvania  Mine  No.   23,"   Ooll.   Eng.,   Vol.   34,  p.   421. 

t  Pritohard,    Jarn<-,    Chief    Deputy    and    Safety    Commissioner    of    Mines,    Personal    Com- 

rr,  i  n  i r  I  * . 0  n  . 
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The  average  value  represents  the  most  common   percentage  of  ex- 
traction. 

The  conditions  in  the  Pittsburgh  vein  district  of  eastern  Ohio  are 
described  by  Roby*  as  follows : 

The  extraction  is  limited  by  various  physical  and  commercial 
conditions.  The  roof  consists  of  a  bed  of  weak  coal  of  poor  quality, 
variable  in  thickness,  and  separated  from  the  main  bed  by  a  layer 
of  drawslate  which  disintegrates  on  exposure.  Overlying  the  roof 
coal  is  an  unstratified  "soapstone"  4  to  8  feet  thick,  and  above  this 
is  a  thick  layer  of  hard  limestone.  The  country  is  hilly,  and  the 
total  cover  varies  from  30  to  600  feet  in  thickness.  The  character 
of  the  roof  makes  it  necessary  to  leave  larger  pillars  than  would  be 
required  under  a  good  roof.  The  roof  coal  is  left  up,  and  as  it  is 
poor  in  quality  and  not  marketable,  it  is  not  considered  in  making 
estimates  of  extraction.  The  room-and-pillar  method  is  used.  There 
has  been  much  discussion  concerning  the  possibility  of  applying  the 
long-wall  method,  but  the  fragility  of  the  roof  and  the  tendency  of 
all  rock  below  the  limestone  to  shear  off  at  the  solid  face  have  seemed 
to  make  the  method  impracticable. 

It  is  desirable  that  rooms  be  worked  out  as  quickly  as  possible 
because  of  the  tendency  of  the  roof  and  pillars  to  fail.  Because  of 
these  conditions,  the  numerous  interruptions  which  have  been  caused 
by  strikes  and  business  depressions  have  tended  to  make  the  rate  of 
recovery  lower  than  would  have  been  the  case  with  uninterrupted 
operation.! 

J.  C.  Haring  states  that  the  recovery  in  the  Massillon  district  has 
not  exceeded  75  per  cent.  The  highest  recovery  in  the  district  is 
probably  at  the  Pocock  No.  4  mine  where  it  is  estimated  that  fully 
90  per  cent  of  the  coal  has  been  obtained. 

At  Steubenville,  the  mine  of  the  LaBelle  Iron  Works  has  been 
operated  on  the  long-wall  system  since  1913;  prior  to  that  time  the 
room-and-pillar  method  was  employed.  J  The  bed  is  the  Lower  Free- 
port  which  is  a  little  over  3  feet  in  thickness  and  lias  g  good  shale 
roof. 

At  present  a  considerable  amount  of  stripping  is  being  dime  in 
the  No.  8  coal  in  the  vicinity  of  Steubenville.    The  coal  outcrops  on 


*  Roby,  J.  J.,   Personal  Communication. 

t  Haring,  .1     ( '.   IVrsonal  Communication. 

X  Burroughs,  W.  O.,  "Long-wall  Mining  nt  St«-ul*Mi\  illr,   Ohio,"  Coal  Agi\   Y<>l     11     p.  697. 
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the  slopes  of  hills,  and  the  rapid  increase  in  the  thickness  of  the 
overburden  restricts  the  operations  to  a  narrow  belt,  although  they 
may  extend  for  a  considerable  distance  along  the  outcrop. 

27.  Kentucky—  The  development  of  coal  mining  in  Kentucky 
has  been  comparatively  recent,  and  some  of  the  Kentucky  fields  are 
still  so  young  that  it  is  impossible  to  obtain  estimates  of  recovery. 
The  state  may  be  divided  broadly  into  two  districts,  the  western 
.list ri»t  being  closely  allied  with  the  fields  of  Indiana  and  Illinois, 
and  the  eastern  district  with  those  of  West  Virginia  and  Virginia. 

The  statements  presented  in  the  following  paragraphs  concerning 
the  western  district  are  made  on  the  authority  of  N.  G.  Alford,*  who 
-ays  that  the  fields  contain  about  38.3  per  cent  of  the  coal-bearing 
areas  of  this  state  and  that  in  1912  47.7  per  cent  of  the  total  pro- 
duction came  from  this  district.  The  smallness  of  many  operations 
ifl  shown  by  the  statement  that  21  per  cent  of  the  mines  produced 
s  than  10,000  tons  per  annum  each;  51  per  cent  produced  less 
than  60,000  tons  each;  23  per  cent  produced  more  than  100,000  tons 
each ;  and  two  companies,  operating  18  mines,  produced  2,750,000 
'••us  each. 

Generally,  the  rate  of  recovery  in  the  mines  of  western  Kentucky 
about  66  2/3  per  cent,  although  in  some  instances  it  is  as  low  as  44 
per  cent.     Without  an  exception  the  mines  of  this  district  are  de- 
veloped on  the  room-and-pillar  system  with  double  or  triple  entries. 
With  the  exception  of  two  or  three  isolated  operations,  all  the  coal  is 

[need  from  three  seams. 

Most  of  the  coal  comes  from  the  No.  9  and  No.  11  beds,  the  for- 
mer  producing  about  three-fourths  of  the  total  output  of  the  field. 
This  bed  ifl  present  in  eight  counties  and  approaches  5  feet  in 
thickness.  In  most  places  it  is  reached  by  shafts  of  300  feet  or 
I  in  depth,  although  there  are  some  local  surface  depressions 
whir}]  permit  access  by  slopes  or  drifts.  It  has  a  black  shale  roof 
and   a   soft    fire-clay   bottom. 

The  No.  11  seam  lies  from  40  to  100  feet  above  the  No.  9,  and  fol- 
lows the  latter  in  commercial  importance.    Its  average  thickness  is 
A  hove  the  coal  is  a  stratum  of  limestone  of  thickness  varying 
SW  inch.  10  feet.     This  limestone  is  usually  separated 

10,      l'r.,i,].m.   Encountered  in  Kentucky  Coal  Mining,"  Ky.  Min.  Inst.. 
•I     5,   j.    674.   ami    Personal    Communication. 
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from  the  coal  by  a  thin  stratum  of  heavy  laminated  clay  6  to  24  inches 
thick.  This  top  adheres  uncertainly  to  the  limestone  above  it,  and 
presents  a  constant  danger.  Near  the  outcrop  the  top  becomes  very 
treacherous.  The  bottom  of  this  seam  consists  of  soft  fire  clay  which 
frequently  heaves  in  haulage  entries  that  have  been  opened  for  some 
time.  About  half  the  mines  in  this  seam  are  shaft  mines,  and  the 
remainder  are  drift  mines. 

The  third  seam  in  commercial  importance  is  No.  12,  which  is 
found  best  developed  in  Clay  and  Webster  Counties.  Its  approxi- 
mate depth  below  the  surface  is  225  feet.  Its  average  thickness  is 
7  feet.  The  bottom  is  of  fire  clay  which  is  high  in  calcium  and 
which  disintegrates  rapidly  when  drainage  water  is  directed  through 
it  in  ditches.  The  roof  consists  of  light  gray  disintegrated  shale 
10  to  15  feet  thick.  If  all  the  coal  is  removed,  this  top  will  fall 
to  a  height  of  6  or  8  feet,  and  heavy  timber  sets,  thoroughly  and 
solidly  lagged,  are  required  to  support  it.  Because  of  this  condition 
it  has  been  found  necessary  to  leave  16  inches  of  top  coal  as 
a  roof.  Sixty  per  cent  of  this  top  coal  is  recovered  from  rooms,  but 
no  attempt  is  made  to  recover  it  from  entries.  When  the  develop- 
ment of  the  No.  12  seam  was  begun,  rooms  were  driven  21  feet  wide 
on  33-foot  centers;  but  this  width  of  pillar  was  found  to  be  too 
narrow,  and  it  has  been  increased  to  20  feet,  with  rooms  21  feet  wide. 
Under  these  conditions  a  recovery  of  44  per  cent  is  the  best  which  has 
been  reached  up  to  this  time.  This  low  percentage  of  recovery  is  in 
part  due  to  physical  conditions,  and  in  part  to  over-development  and 
keen  competition. 

Several  factors  contribute  to  limiting  the  recovery  in  the  No.  9 
and  No.  11  beds.  The  most  important  of  these  is  probably  inadequate 
planning  of  future  workings.  Frequently  pillars  are  left  too  small; 
consequently  the  bottom  heaves,  and  the  pillars  are  crushed.  Partial 
recovery  of  pillar  coal  by  taking  slabs  off  the  ribs  is  not  general,  and 
the  total  recovery  of  pillars  has  not  been  attempted.  The  operator! 
in  this  district  hold  the  opinion  that  pillar  robbing  in  the  No.  11 
team  is  particularly  hazardous  and  impractical.  becaUM  heavy  lime- 
stone overlies  the  seam;  in  the  Connellsville  district  of  Pennsyl- 
vania, however,  pillars  are  successfully  drawn  under  a  heavy  lime- 
stone. Alford  expresses  the  opinion  that  if  the  workings  in  the 
No.    11    seam    were    properly    laid    out    and    started,    little    difficulty 

would  be  found  in  increasing  the  percentage  of  recovery, 
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111  this  district  there  is  an  over-production  with  a  limited  market; 
consequently  competition  is  keen.  When  business  conditions  are 
normal,  the  margin  of  profit  is  so  small  as  to  preclude  any  costly  im- 
provements, and  little  money  has  been  expended  in  experiments. 
Another  source  of  loss  lies  in  the  waste  at  the  tipples  in  the  summer, 
because  the  demands  of  consumers  are  more  exacting  in  times  of 
dull  markets.  Good  coal  attached  to  lumps  of  pyrite  is  often  dis- 
carded  in  large  quantities,  and  so  far  this  waste  has  been  accepted 
Bfl  unavoidable.  This  district  furnishes  one  of  the  best  illustrations 
of  the  effects  of  over-development  and  lack  of  harmony  of  interests. 
There  are,  however,  some  operations  which  are  carried  out  on  a 
considerable  scale  and  with  careful  attention  to  the  proper  planning 
of  the  work. 

The  estimates  covering  production  mentioned  previously  are  con- 
tinned  by  a  personal  communication  from  another  operator,  S.  S. 
Lanier,  who  has  been  a  close  observer  in  the  district  for  thirty  years 
and  who  estimates  that  the  extraction  is  about  65  per  cent. 

The  eastern  Kentucky  district  is  of  such  recent  development  that 

:  mates  of  production  are  not  very  reliable.  H.  D.  Easton,  oper- 
ating in  the  southeastern  part  of  the  state,  thinks  it  safe  to  say 
that  a  recovery  of  90  per  cent  is  being  reached  in  the  Straight 
Creek  seam  in  Bell  County,  but  much  trouble  has  been  experienced 

a  squeezes  due  to  lack  of  systematic  working. 

Mines  are  operated  on  the  room-and-pillar  system  with  rooms 
turned  from  both  sides  of  the  room  entries.  Rooms  are  generally 
10  feet  wide  with  20-foot  pillars.  Cross  entries  are  driven  about 
1,200  feet  apart,  and  these  usually  extend  to  the  property  line  or 
to  the  outcrop.  It  has  been  the  practice  to  extract  the  pillar  coal  on 
the  retreat,  and  so  far  as  possible  to  keep  the  face  lined  up  over 
it,  distance  to  get  a  fall  of  roof.  Room  tracks  are  swung 
the  face  of  the  pillar  and  are  moved  as  the  pillar  is  drawn 
back.  If  the  pillars  are  narrow,  the  room  tracks  are  not  moved 
even  though  the  coal  has  to  be  shoveled  15  or  20  feet. 

There  haf  been  DO  very  systematic  work  in  pillar  recovery  in  the 

srn  part  of  the  state,  and  pillars  or  stumps  have  been  left 

kttered   promiscuously,  with  the  result  that  many  costly  squeezes 

have  occurred     One  company  has  lost  an  entire  mine  as  a  result 

of   thifl    practice.     It   has  been  the   general   opinion   that  it   would 

impossible  to  <r<-\    f,   H^an   break   in   the  overlying  strata  because 
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of  the  solid  sandstone  above  the  coal,  but  such  breaks  have  been 
obtained  very  successfully,  even  in  rather  limited  areas. 

The  Harland  district,  the  Hazard  district,  and  the  Elkhorn  dis- 
trict are  all  too  newly  developed  to  provide  a  reliable  basis  for 
estimating  recovery,  but  it  is  possible  that  the  percentage  of  recovery 
will  be  very  high. 

In  eastern  Kentucky  the  surface  is  of  no  great  value,  and  it  is 
almost  invariably  owned  by  the  coal  companies  so  that  the  necessity 
for  sustaining  it  is  not  a  factor  affecting  the  percentage  of  extrac- 
tion. 

There  are  some  operations  in  the  central  southern  part  of  the 
state,  but  the  mines  are  not  yet  sufficiently  developed  to  yield  ade- 
quate data  for  reliable  estimates  of  extraction.*  The  mines  are 
opened  by  drifts,  and  as  the  coal  is  irregular,  the  hills  have  been 
entered  at  many  points.  A  heavy  sandstone  occurs  between  the  two 
seams  worked,  and  pillars  have  not  been  drawn  in  the  lower  seam, 
because  it  has  been  feared  that  the  upper  seam  would  be  damaged. 
In  the  upper  seam,  pillar  drawing  has  not  been  practiced  to  any 
great  extent,  because  when  tried,  it  has  resulted  in  breaks  extending 
to  the  surface  through  which  considerable  water  has  entered.  It 
is  the  intention  of  the  operators  to  extract  the  pillars  when  the 
mines  have  been  worked  out,  and  the  final  percentage  of  extraction 
will  probably  be  high. 

28.  Tennessee. — Little  information  is  available  on  the  percentage 
of  recovery  in  Tennessee,  and  the  statements  obtained  are  not  alto- 
gether in  agreement.  One  operator,!  formerly  connected  with  the 
industry  in  Tennessee,  states  that  a  few  years  ago  the  mining  practices 
were  not  good.  On  the  first  mining,  about  50  per  cent  of  the  coal 
was  taken,  and  the  ultimate  recovery  was  probably  about  80  per  cent. 
Because  of  the  low  value  of  coal  lands,  less  effort  is  made  to  iret  a 
maximum  recovery  than  in  some  other  districts  where  coal  lands 
are  more  valuable. 

B.  A.  Shiflett.J  Thief  Mine  Inspector,  says  that  it  would  be  diffi- 
cult to  give  any  general  percentage  for  extraction  Bince  the  coal 
measures   vary    in    dip    from    horizontal    to   40   degrees,    and    in    tome 
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MS  from  horizontal  to  vertical.     In  a  large  number  of  mines  it 

impossible  to  map  out  any  definite  method  of  mining,  and  con- 
ditions have  to  be  met  as  they  are  encountered. 

Nearly  all  the  drift  mines  are  developed  on  the  double-entry 
room-and-pillar  system.  Rooms  are  driven  from  250  to  300  feet,  and 
room  pillars  are  drawn  as  soon  as  the  rooms  are  finished.  If  condi- 
tions are  favorable,  the  entry  pillars  and  room  stumps  are  recovered 
on  the  retreat ;  and  where  the  coal  is  practically  level,  40  to  50  inches 
thick  and  with  good  roof  and  bottom,  about  90  per  cent  is  extracted 
under  careful  management.  This  percentage  is  not  reached  in  many 
mines  because  of  lack  of  attention  to  high  extraction.  It  is  thought 
that  the  extraction  in  general  does  not  exceed  65  per  cent,  but  that 
this  percentage  could  be  greatly  increased  by  proper  methods  and 
careful  management. 

One  company,*  whose  method  was  to  turn  rooms  on  the  advance 
and  immediately  to  draw  room  pillars  back  to  within  65  or  70  feet 
of  the  entry  on  completion  of  the  room,  obtained  a  recovery  of 
nearly  90  per  cent  up  to  about  the  beginning  of  1916.  At  that  time 
four  cross  entries  were  lost  from  heaving  of  the  soft  bottom.  The 
cover  is  500  to  800  feet  in  thickness,  the  coal  is  56  inches  in  thick- 

B,  and  the  bottom  is  of  soft  fire  clay  from  4  to  7  feet  in  thickness. 
This  company  is  planning  the  introduction  of  the  long- wall  method. 
A  face  of  about  300  feet  will  be  formed  by  connecting  the  ends  of 
two  entries.  It  is  thought  that  the  single  stick  timbering,  with  per- 
haps an  occasional  crib,  will  be  sufficient.  It  is  expected  that  the  bot- 
tom will  heave  and  reach  the  roof  as  the  latter  bends  down.     The 

ircity  of  labor  and  the  irregularity  of  the  car  supply  make  the 
HM  I  long-wall  operations  somewhat  doubtful;  and  if  it  is  neces- 

sary temporarily  to  abandon  this  method,  another  which  is  illustrated 
in  Pig.  37  will  be  adopted.  In  this  method  apparently  a  little  more 
than  50  per  cent  of  the  coal  would  be  taken  out  from  rooms,  and 
the  ultimate  percentage  of  extraction  should  be  almost  complete. 
The  method  will  permit  concentrated  working,  and  much  of  the 
trouble  due  to  the  conditions  of  the  floor  and  roof  will  probably  be 

tided. 

A  In}, a  //«!.— Although    Alabama!    is    an   important    producer 
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of  coal,  the  working  conditions  are  not  so  good  as  those  of  Pennsyl- 
vania, Kentucky,  and  some  other  states.  One  of  the  distinctive 
features  of  the  Alabama  coal  field  is  that  although  there  are  five 
seams  of  coal,  rarely  more  than  one  of  them  is  workable  at  any  one 
place;  in  one  portion  of  Jefferson  County,  for  instance,  the  Pratt 
seam,  which  is  considered  the  topmost  workable  seam  of  the  Alabama 
coal  measures,  may  have  a  working  thickness  of  4  feet,  while  at  a 
distance  of  two  or  three  miles  the  same  seam  may  not  be  more  than 


Fk;.  37.     Proposed  Plan  of  Wind  Rock  Coal  Company,  Tennessee 


2  feet  thick.  The  coal  beds,  including  the  Pratt  bed,  vary  rather 
abruptly  within  a  few  miles  with  regard  to  thickness,  impurities, 
and  character  of  roof. 

The  Pratt  seam  has  been  worked  longer  and  more  extensively 
than  any  other  seam  in  this  district.  It  is  probable  that  the  recovery 
from  this  seam,  under  the  best  methods  of  working  with  the  room- 
and-pillar  system,  is  about  87  per  cent.  This  percentage  applies 
only  where  the  thickness  is  three  feet  or  more;  coal  thinner  than 
this  cannot  profitably  be  removed. 

The  Mary  Lee  Beam,  which  is  supposed  to  contain  the  thickest 
workable  coal,  lies  about  300  feet  below  the  Pratt  seam,  and  is  the 
one  that  the  operators  of  the  Birmingham  district  expect  t<»  work 
during  the  next  twenty  years.  So  far  as  it  is  known,  the  thicknesfl 
of  the  bed  ranges  from  (>  to  10  feet.  It  is  difficult  to  ur»'t  reliable  esti- 
mate! of  the  recovery  of  COal   in   this  seam,  but    one  operator   reports, 
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on  the  basis  of  an  experience  of  twenty  years,  that  the  recovery  has 
been  about  90  per  cent. 

There  arc  mines  on  lower  seams  in  other  localities,  but  little  atten- 
tion has  been  paid  to  the  extraction  of  a  high  percentage  of  the  coal. 
The  operation  of  these  mines  depends  largely  upon  market  condi- 
tions, and  they  are  probably  not  operated,  on  the  average,  more  than 
half  the  time.  Under  these  conditions  the  loss  of  pillar  coal  caused 
by  falls  of  roof  is  necessarily  large. 

The  Alabama  mines,  with  the  single  exception  of  the  Montavallo 
mine,  where  a  change  is  being  made  to  the  long-wall  system,  are 
worked  on  the  room-and-pillar  system.  The  larger  operations  are 
in  the  neighborhood  of  Birmingham,  and  in  this  district  the  car- 
boniferous measures  are  tilted  and  broken  to  a  great  extent.  This 
condition  affects  the  roof  of  the  coal  under  cover  for  a  considerable 
distance.     Both  top  and  bottom  are  of  variable  character. 

In  the  larger  operations  at  least,  the  triple  entry  system  is  used. 
Commencing  at  a  distance  of  800  feet  from  the  surface,  cross  entries 
are  usually  driven  about  350  feet  apart.  Until  the  entries  have  been 
driven  a  few  hundred  feet,  it  is  not  possible  to  determine  whether 
they  should  be  narrow  or  wide  enough  to  provide  storage  for  the 
impurities  of  the  bed  and  the  brushing  of  the  roof.     Rooms  are 

•Tally  opened  narrow  also,  (30  feet  wide)  with  25-foot  room  pillars, 
until  it  is  determined  whether  the  character  of  the  overlying  strata 
and  of  the  floor  will  permit  the  working  of  wider  rooms. 

Probably  75  per  cent  of  the  large  operators  in  the  district  have 
adopted  the  plan  of  immediate  pillar  drawing  in  preference  to  that 

driving  the  narrow  work  to  the  limit  and  pulling  the  pillars  upon  the 
retreat    En  a  number  of  instances,  rooms  are  driven  40  feet  wide  with 

fool   pillars  and  are  worked  for  a  distance  of  300  feet,  or  to  the 

entry  above;  then  a  cut  is  taken  across  the  end  of  the  pillar,  and  the 

pillar  is  drawn  back  to  the  entry  stump.    When  the  room  pillars  are 

drawn  on  the  advance,  there  is  no  difficulty  in  getting  room  stumps 

rarse  pillars  after  the  entry  work  is  complete. 

Strong  estimates  the  recovery  in  mines  operated  by  the  larger 
corporation!  to  be  from  87  to  90  per  cent.    Priestly  Toulmin,  another 
irator,*  confirms  these  values  by  stating  that  the  average  extrac- 
tion in  Alabama  is  not  less  than  75  per  cent  and  not  more  than  80 
I'"'  "  t}lJlt  possibly  77y2  per  cent  would  be  a  fair  value.     In 

ommanicAtion. 
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some  mines  the  extraction  is  less  than  60  per  cent,  and  in  others  it  is 
more  than  95  per  cent. 

C.  F.  DeBardeleben*  furnishes  the  following  estimates : 
At  one  operation  where  768.6  acres  had  been  worked  over,  assum- 
ing the  average  thickness  of  coal  to  be  4  feet  and  that  25  cubic  feet 
of  coal  in  place  make  a  ton,   the  coal  available  was  5,356,834  tons 

Tons  mined   3,028,960 

Extraction  56.5  per  cent 

Assuming  that  12.5  per  cent  more  will  be  obtained  from  pillars, 
the  extraction  will  amount  to  about  63  per  cent.  At  another  opera- 
tion where  the  average  thickness  is  5  feet  and  316.6  acres  have 
been  worked  over,  the  coal  available  was 2,758,219  tons 

Tons  produced 1,847,582 

Extraction    67  per  cent 

Assuming  a  probable  extraction  of  pillars,  the  final  recovery 
will  amount  to  about  70  per  cent.  At  a  third  mine,  where  conditions 
were  favorable  because  of  level  coal  and  the  absence  of  gas,  25-foot 
rooms  were  driven  on  75-foot  centers;  the  pillar  was  drawn  back 
half  way  to  the  entry  as  soon  as  a  room  was  finished,  the  entry  pillars 
and  room  stumps  being  extracted  when  the  entry  was  abandoned. 
Under  these  conditions  the  recovery  was  about  85  per  cent. 

C.  H.  Nesbitt,  Chief  Mine  Inspector  of  Alabama,  estimates  the 
average  recovery  to  be  80  per  cent,  the  highest  percentages  being 
reached  in  the  Pratt  and  Montavallo  beds.f  There  has  been  great  im- 
provement in  the  percentage  of  extraction  in  the  past  twenty  years,  and 
even  in  the  past  ten  years.  This  improvement  has  been  due  largely 
to  more  nearly  complete  and  accurate  mapping,  and  to  more  improved 
and  effective  methods  of  controlling  the  water  in  slope  and  shaft 
mines. 

30.  Indiana. — Almost  no  information  has  been  available  con- 
cerning the  percentage  of  coal  extracted  in  Indiana  mines.  W.  -M. 
Zeller  f  reports  that  the  extraction  in  the  Braza]  district  is  probably 
about  60  per  cent.  This  estimate  agrees  fairly  well  with  the  estimates 
of  operators  in  southern  Illinois,  and  since  such  estimates  have  been 
found  to  be  too  high  in  almost  all  instances,  it  is  probable  that  the 
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average  extraction  in  Indiana,  as  in  southern  Illinois,  will  not  exceed 
."iii  per  cent 

31.  Michigan.— The  coal  beds  in  Michigan  are  irregular  in  ex- 
tent and  decrease  in  thickness  with  depth.  Sometimes  they  are 
entirely  cut  out  by  erosion  or  replaced  by  sandstone  and  other  mate- 
rials. Usually  the  beds  above  the  coal  consist  of  black  shale,  and 
they  are  often  weak.  Owing  to  erosion,  coal  is  sometimes  found 
directly  below  clay,  sand,  or  gravel,  or  below  other  unconsolidated 
rocks,  where  it  is  practically  unworkable.  At  several  mines  the 
roof  is  of  black  bituminous  limestone.  In  most  instances  the  floor 
is  of  fire  clay  or  shale,  although  sandstone  is  sometimes  found.  The 
thickness  of  coal  varies  from  2  feet,  6  inches  to  3  feet,  10  inches,  a 
fair  average  at  Saginaw  being  3  feet.  In  the  Saginaw  Valley  the 
surface  is  level.* 

R.  M.  Randall  states  f  that  the  first  company  in  the  district  oper- 
ated within  the  city  limits  of  Saginaw,  and  that  because  of  the  neces- 
sity of  leaving  pillars  to  protect  the  surface  the  recovery  was  only 
about  68  to  70  per  cent.  At  present  this  company  is  operating  in 
farming  districts  where  it  is  not  necessary  to  maintain  the  surface; 
and  the  recovery,  within  the  last  five  years,  has  been  about  90  per 

it.  The  room-and-pillar  system  is  used  with  rooms  projected  40- 
feet  wide  on  50-foot  centers  and  driven  150  feet,  but  the  actual 
dimensions  vary  according  to  the  conditions  of  the  roof.  Short-wall 
machines  are  used  for  undercutting.     It  is  estimated  that  75  per 

it  of  the  room  pillars  and  95  per  cent  of  the  entry  pillars  are 
recovered,  and  that  the  extraction  on  the  advance  is  70  per  cent. 
Th<-  conditions  at  the  old  and  at  the  new  mines  have  been  so  different 
that  it  is  impossible  to  give  an  average  value  for  the  extraction,  but 
it  is  believed  that  the  extraction  in  the  new  mines  in  the  area  act- 
ually worked  will  be  from  85  to  90  per  cent. 

Iowa.-    The  physical  conditions  in  the  Iowa  coal  field  are 

mi  form.     The  cover  ranges  in  thickness  from  a  few  inches  to 

and  consists  of  the  coal  measure    beds  and  glacial  drift, 

mimonly  constituting  the  larger  part  of  the  thickness. 

The  workable  coal  beds  generally  have  a  top  of  draw  shale  varying 
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from  a  few  inches  to  two  feet  in  thickness.  Above  this  is  a  black 
shale,  or  sometimes  a  bituminous  or  argillaceous  limestone.  In  the 
latter  case  this  rock  is  often  strong  enough  to  permit  a  reduction 
in  the  amount  of  timber  used  and  thereby  to  facilitate  mining.  This 
condition  makes  it  possible  in  Appanoose  County  to  work  a  bed  in 
which  the  thickness  of  clean  coal  is  only  about  25  to  27  inches.  The 
bottom  everywhere  consists  of  plastic  fire  clay,  and  in  the  Appanoose 
field  the  undercutting  is  done  in  this  clay.  Its  occurrence  is  fre- 
quently the  cause  of  creep  in  room-and-pillar  mines.  The  most  un- 
favorable conditions  are  found  through  the  northern  end  of  the 
Iowa  coal  fields. 

Even  in  single  districts  the  percentage  of  extraction  varies  be- 
tween wide  limits.  The  maximum  extraction,  estimated  at  90  per 
cent  or  more,  is  reached  in  the  Appanoose  field,  where  the  long-wall 
system  is  employed.  An  operator*  familiar  with  conditions  in  these 
long-wall  mines  says  that  the  extraction  is  complete,  but  that  it  is 
less  than  the  previously  calculated  amount  of  coal  in  the  ground 
because  of  the  presence  of  faults. 

In  the  room-and-pillar  districts  the  extraction  rarely  if  ever 
exceeds  75  per  cent,  and  under  especially  bad  conditions  of  bottom 
and  top  with  an  abundance  of  water,  it  may  not  exceed  50  per  cent. 
Probably  a  fair  average  of  recovery  for  the  state  is  70  per  cent.  The 
percentages  given  refer  only  to  the  bed  mined  and  to  the  area  of 
actual  mining  operations.  When  larger  areas  are  considered,  the 
percentage  of  recovery  is  less  because  of  the  loss  of  considerable  quan- 
tities of  coal  through  lack  of  cooperation  between  owners,  a  loss 
estimated  to  be  at  least  10  per  cent.t 

The  engineer)  of  one  of  the  operating  companies  says  that  in 
the  room-and-pillar  mines  with  which  he  is  familiar  the  recovery 
will  average  about  75  per  cent,  and  that  a  recovery  of  80  per  cent  is 
expected  in  the  newer  mines. 

33.  Missouri. — The  coal  fields  of  Missouri  may  be  roughly 
divided  into  three  districts,  the  first  district  lying  near  the  middle  of 
the  state  in  Macon  and  Randolph  Counties  where  operations  are 
conducted  on  the  room-and-pillar  method,  the  second  district  farther 
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west  along  the  Missouri  River  in  the  vicinity  of  Lexington  where 
operations  are  conducted  on  the  long-wall  system,  and  the  third  dis- 
trict in  the  southwestern  part  of  the  state,  where  the  conditions  are 
similar  to  those  of  southeastern  Kansas  and  northeastern  Oklahoma 
and  where  the  room-and-pillar  system  has  generally  been  followed. 
Recently  a  considerable  quantity  of  coal  has  been  obtained  in  the 
southwest  district  by  stripping. 

In  Randolph  and  Macon  Counties,  in  the  neighborhood  of  Bevier, 
the  coal  is  considerably  broken  by  faults  and  horsebacks,  and  recov- 
ery does  not  exceed  50  per  cent.*  In  the  long-wall  district  the  ex- 
traction in  the  area  worked  out  is  practically  complete,  but  most  of 
the  operations  are  conducted  on  a  small  scale  and  no  estimates  cover- 
ing the  probable  extraction  over  the  whole  area  are  available. 

In  the  southwestern  part  of  the  state  the  continuity  of  the  coal 
is  considerably  broken  by  horsebacks,  as  in  the  neighboring  parts  of 
Kansas  and  Oklahoma.  Mining  methods  have  not  been  highly  devel- 
oped, and  no  great  attention  has  been  paid  to  completeness  of  extrac- 
tion. It  is  not  probable  that  the  extraction  in  this  district,  within 
the  areas  worked,  will  be  more  than  50  per  cent. 

34.  Arkansas. — Steel  saysf  that  the  ordinary  waste  of  coal  in 
Arkansas  is  unusually  great  even  for  this  country,  a  fact  to  be 
accounted  for  partly  by  unfavorable  geological  conditions.  In  addi- 
tion to  the  wastes  common  to  all  coal  producing  states  there  are 
others  due  to  local  geological  and  physical  conditions,  which  Steel 

riders  unusually  unfavorable  in  Arkansas. 

There  is  considerable  loss  because  of  irregularities  of  entries, 
due  to  the  varying  dip  of  the  bed.  Entries  which  are  turned  from 
the  slope  at  standard  distances  measured  along  the  coal  seam  will 
have  variable  and  perhaps  severe  grades  if  they  are  driven  straight 
or  will  be  very  crooked  if  they  are  driven  on  grade.  If  the  dip  in- 
l  and  the  entries  are  driven  on  grade,  the  distance  between 
entriei  dec  and  sometimes  the  rooms  between  entries  become  so 

rt  that  the  entry  from  which  they  are  turned  is  discontinued;  then 

from  the  entry  below  are  driven  long  enough  to  take  out  all 

the  coal,  or  pari  of  it,  which  would  have  been  taken  out  through  the 

intermediate   entry.      Sometimes   the   length   of   rooms   necessary   to 
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extract  all  the  coal  would  be  so  great  that  part  of  it  is  left.     Some- 
times this  is  won  through  the  upper  entry,  and  sometimes  it  is  lost. 

There  are  also  losses  due  to  irregularities  in  the  coal,  and  entries 
are  frequently  not  extended  through  areas  of  low  eoal  to  get  the  good 
coal  lying  beyond.  Areas  of  thin  coal  are  commonly  abandoned. 
The  losses  due  to  thin  or  poor  coal  are  greater  perhaps  in  Arkansas 
than  in  other  states,  because  the  dip  of  the  beds  makes  the  driving 
of  entries  around  these  poor  areas  considerably  more  expensive,  and 
it  is  nor  profitable  to  take  out  good  coal  lying  beyond  poor  coal  un- 
less the  area  of  the  good  eoal  is  large.  There  is  often  considerable 
loss  from  the  abandonment  of  parts  of  beds.  In  many  places  the 
different  benches  of  thick  beds  are  separated  by  thick  partings;  if  a 
single  bench  is  thick  enough  to  mine,  it  is  worked  separately,  and 
sometimes  the  bench  above  it  or  below  it  is  lost.  The  loss  of  coal  in 
this  form,  though  not  so  great  as  formerly,  is  probably  greater  in 
Arkansas  than  in  any  other  state,  with  the  possible  exception  of 
Colorado.  Loss  due  to  the  need  of  protecting  the  surface  is  not 
serious,  because  the  value  of  the  surface  is  low,  and  the  rough  topog- 
raphy insures  good  drainajj 

H.  Denman,*  an  operator  familiar  with  the  district,  exprc 
the  opinion  that  the  recovery  in  both  Arkansas  and  Oklahoma  does 
not  exceed  50  per  cent.  In  certain  portions  of  a  mine  the  recovery 
may  be  as  high  as  70  per  cent,  but  he  believes  if  the  whole  area  of 
the  mine  is  considered,  the  percent  age  of  extraction  will  not.  in  any 
case,  exceed  55  per  cent  These  statements  are  applicable  to  both 
Arkansas  and  the  neighboring  Oklahoma  district,  as  the  same  system 
of  mining  is  used  in  both. 

The  system  of  mining  in  the  Arkansas-Oklahoma  field  is  practi- 
cally the  same  that  was  used  when  the  field  was  first  opened  about 
forty  years  ago.  There  is  no  systematic  attempt  at  laying  out  mines 
with  the  view  of  drawing  pillars,  bu1  the  general  plan  is  to  get  as 
much  coal  as  possible  in  the  first  working  and  to  abandon  the  re- 
mainder. There  18  one  mine  in  which  an  attempt  is  being  made  to 
plan  the  work  so  as  to  obtain  the  pillar  coal,  but  this  attempt  is  BO 
recent  that  it  is  impossible  to  foretell  the  degree  of  its  success  The 
widths  of  rooms  and  pillars  are  influenced  by  the  charges  for  narrow 
work  and  for  yardage,  which  are  so  high  that  neither  narrow  rooms 

nor  long  break-throughs  can  be  driven.     At   present  the  avenge  room 

*  Personal    Communication. 
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neck  is  about  10  feet  long,  and  if  longer  necks  could  be  driven 
without  increased  cost,  it  might  be  possible  to  prevent  squeezing  of 
the  entry  and  to  obtain  a  considerable  amount  of  coal  from  the  entry 
pillars,  but  the  yardage  cost  is  so  high  that  this  procedure  seems  un- 
profitable. 

3f>.     Kansas. — The   coal   produced   in   Kansas   comes   from  three 
districts,  the  one  in  the  southeastern  corner  of  the  state  being  by 
fax  the  most  important.     The  others  are  the  Leavenworth  and  the 
I  toage  districts.     The  Leavenworth  district  lies  in  the  northeastern 
part  of  the  state  and  may  be  considered  as  connected  with  the  district 
of  northwest  Missouri,  although  the  strata  dip  toward  the  west  and 
the  coal  is  found  at  greater  depths  in  Kansas  than  in  Missouri.    All 
operations  in  the  Leavenworth  district  are  on  the  long-wall  system, 
and  the  extraction,  in  the  areas  mined  out,  is  practically  complete. 
il  in  this  district  ranges  from  about  19  to  about  24  inches  in  thick - 
B.    The  depth  is  about  700  feet.    A  3-foot  bed  lying  at  a  depth  of 
l.')00  feet  was  found  at  Atchison  about  ten  years  ago  and  was  worked 
l>y  the  long- wall  method,  but  the  work  was  not  commercially  success- 
ful  and   was  abandoned.     The  Osage  district  lies  to  the  south  of 
Topeka  and  is  not  important  commercially.     The  coal  is  about  20 
thi.k.  and  is  mined  entirely  by  the  long-wall  method.     The 
extraction  is  practically  complete  within  the  area  mined  out.     This 
is  the  thinnest  bed  of  bituminous  coal  worked  in  the  United  States. 
In  the  southeastern  district  of  the  state  the  coal  beds  lie  on  the 
west  slope  of  the  Ozark  uplift  and  dip  toward  the  west  and  north- 
west.    The  beds  contain  numerous  horsebacks  which  interefere  with 
tematic    milling.     The   room-and-pillar   method   is   followed,   and 
litt  tnpt  is  made  to  extract  pillar  coal.    Practically  all  coal  in 

!<t    that    produced    by    the    long-wall    method    and    by 
Dt  from  the  solid,  a  method  which  unquestionably 
production  of  small  coal,  especially  where  the  holes  are 
stly  overcharged  as  they  usually  are.     The  recovery  is  in  the 
orhood  of  50  per  cent,  although  it  may  sometimes  be  greater 
because  the  horsebacks  may  be  made  to  serve  as 
H     V    J  ay  lor,  in  a  personal  communication,  confirms  this 
ictioiL     He  says  that  in  places  a  considerable  loss  is 
because  the  rate  for  mining  low  coal  is  so  high  as  to  be 
prohibitive,  and  even  if  the  rate  is  paid  it  is  difficult  to 
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get  men  to  work  the  low  coal.  A.  C.  Terrill  reports*  that  the  closest 
estimates  of  those  most  familiar  with  conditions  place  the  recovery 
at  about  50  per  cent. 

The  approaching  exhaustion  of  the  shallower  mines  has  neces- 
sitated the  working  of  the  northern  part  of  the  district  where  the 
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Fig.  38.     Panel  Long-wall  in  Oklahoma 


cover  is  about  250  feet  thick.  At  least  one  of  the  operators  desired 
to  work  these  deeper  mines  by  the  panel  method,  but  it  has  not  as 
yet  been  found  possible  to  reach  satisfactory  arrangements  with  the 
mine  workers.  Since  a  makeshift  adopted  to  prevent  the  spread 
of  squeezes  leaves  two  rooms  out  of  seven  unworked.  the  recovery  has 
been  reduced  about  1,000  tons  per  acre.  The  operators  still  hope  that 
they  may  be  able  to  introduce  the  panel  system  and  thus  materially 
increase  the  recovery,  f 

In  recent  years  a  large  amount  of  coal  has  been  taken  from  this 
district  and  from  the  neighboring  region  in  Missouri  by  extern 
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stripping  operations.     In  the  area  worked  over,  the  extraction  by 
this  method  is  practically  complete. 

36.  Oklahoma— In  Oklahoma  the  coal  is  produced  largely  by 
individual  operators,  the  land  being  owned  by  the  Indian  nations 
and  leased  to  operators  in  small  tracts.  *  Elaborate  plans  for  mining 
are  no1  to  be  expected  under  these  conditions.  Elliot  estimated  that 
the  recovery  of  the  entire  bed  worked  was  not  more  than  55  per  cent. 
He  Baid  that  the  low  percentage  of  recovery  was  due  to  the  extrav- 
agant system  of  room-and-pillar  mining  adopted,  and  that  this  system 
could  not  be  changed  because  of  unfavorable  labor  conditions. 

The  Rock  Island  Coal  Mining  Company  obtains  an  extraction  of 
18.18  per  cent  in  the  McAlester  district.  In  the  Hartshorne  district 
this  company  has  five  mines,  their  percentages  of  extraction  being 
56.6,  52.6,  55.0,  51.5,  and  47.8,  respectively.  The  average  percentage 
of  extraction  at  these  five  mines  is  52.7  and  the  average  of  all  the 
mines  of  the  company  in  Oklahoma  is  51.8.  t 

This  company  is  now  trying  a  panel  long-wall  plan  (Fig.  38)  with 
the  hope  of  increasing  the  extraction  from  about  57  to  about  70  per 
t.    The  coal  is  about  3  feet,  4  inches  thick,  and  dips  from  5  to  8 
degrees.     The  working  face  is  parallel  with  the  dip.    The  roof  along 
the  face  was  at  first  supported  by  cribs  built  of  8-inch  by  8-inch 
timbers  about  4  feet  long  and  these  cribs  were  withdrawn  and  moved 
forward  as  the  face  advanced,  the  roof  being  allowed  to  fall.    A  row 
of  props  was  also  used  to  support  the  top  above  a  conveyor  used  for 
rrying  the  coal  along  the  face.    At  present  the  use  of  cribs  has  been 
tinned,  except  along  the  ribs  of  the  entries,  and  10-inch  by 
LO-inch  props  are  used  to  support  the  roof.     These  are  drawn  and 
•e  advances.     The  necessity  of  using  props  on  both 
the  conveyor  constitutes  one  of  the  difficulties  of  the  opera- 
!  breaks  as  the  face  advances.     There  seems  to  be  no 
great  difficulty  in  the  use  of  undercutting  machines,  but  sometimes 
•oal  Calls  too  soon  for  convenience  in  loading,  and  large  lumps 
or.     While  this  operation  must  still  be  considered  in 
tage,  the  working  face  has  been  advanced  about 
■■■•  ithout  serious  difficulty.    It  is  planned  that  the  pillars  flank- 
il,  ***»■   «*   ^e   Coal   Mining   Industry   of   Oklahoma,"    Proc.   Amer. 
t  S<LoU.    Olrt,    PttaonaJ    I    -mmunication. 
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iug  the  long-wall  panel,  left  during  the  advance,  shall  be  taken  out 
on  the  retreat. 

37.  Texas.  -There  are  three  bituminous  coal  fields  and  one 
lignite  field  in  Texas.  In  one  bitumionus  field  in  the  north  central 
portion  of  the  state,  practically  all  the  mines  are  operated  on  the 
long-wall  plan,  and  the  recovery  is  nearly  complete.  The  two  other 
bituminous  fields  are  located  in  the  southwestern  part  of  the  state 
along  the  Rio  Grande.  In  this  district  the  mines  are  operated  on 
the  room-and-pillar  plan,  and  the  recovery  is  said  to  be  about  75 
per  cent.  The  lignite  field  extends  entirely  across  the  state  from  the 
northeast  corner  in  a  southwesterly  direction  to  the  Rio  Grande.  All 
lignite  mines  are  worked  on  the  room-and-pillar  method,  and  the 
recovery  varies  greatly  in  different  parts  of  the  state,  but  75  per 
cent  is  probably  the  average.* 

38.  North  Dakota. — 1.  \V.  Bliss,  State  Engineer,  estimates  that 
the  recovery  in  the  coal  mines  of  North  Dakota  is  between  70  and 
75  per  cent.  The  manager  of  one  mine  claims  a  recovery  of  about 
B3  per  cent.  + 

:*!).  Colorado. — The  principal  producing  districts  of  Colorado 
are  the  bituminous  district  in  the  southeastern  part  of  the  state,  near 
Trinidad,  and  the  Lignite  district  just  east  of  the  mountains  in  the 
northern  part  of  the  state.  The  bituminous  district  is  the  more  im- 
portant. In  the  Trinidad  district t  the  average  thickness  of  the 
coal  is  about  6  feet.  The  top  is  strong,  and  the  bottom  is  weak. 
Knt ries  are  driven  to  a  fixed  boundary,  and  the  rooms  which  are 

n led  to  supply  enough  coal  to  keep  the  driver  busy  are  turned. 

When  the  boundary  is  reached,  rooms  are  turned  at  the  inby  end  of 
the  entry,  and  pillar  drawing  is  commenced  as  soon  as  the  rooms 
reach  their  limits.  Nearly  all  the  coal  is  taken  out  on  the  retreat. 
Rooms  have  a  maximum  width  of  18  feet,  and  room  pillars  arc  32 
wide.  All  work  is  done  with  picks.  The  coal  is  soft  and  occa- 
sionally t he  pillars  crush,  but  most  of  the  difficulty  encountered  is 
die-  to  heaving  of  the  bottom.     The  cover  averages   more   than   600 
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feet  in  thickness.  The  output  from  mines  in  this  district  is  used 
largely  in  connection  with  steel  making,  and  operations  are  very 
regular,  most  of  the  mines  being  worked  every  day  in  the  year.  The 
recovery  at  a  typical  mine  in  this  district,  calculated  for  operations 
over  a  period  of  several  years,  is  87.2  per  cent. 

In  the  domestic  coal  district  in  the  neighborhood  of  Walsenburg, 

the  average  thickness  of  coal  is  5  feet.     It  is  stronger  than  the  coal 

in  the  Trinidad  district,  and  a  squeeze  is  very  unusual.     The  cover 

averages  about  400  feet  in  thickness.    As  a  rule  the  bottom  in  this 

district  is  stronger  than  the  top,  and  little  difficulty  is  experienced 

from  heaving.    The  work  is  less  regular  than  in  the  Trinidad  district, 

although  it  is  fairly  regular  except  in  March  and  April  when  the 

mines  are  usually  worked  about  half  time.    Rooms  are  driven  25  feet 

wide  on  50-foot  centers.    There  is  little  difficulty  in  drawing  pillars. 

e  tendency  in  these  districts  has  been  to  drive  narrow  rooms  and 

leave  wide  pillars,  and  this  has  assisted  in  increasing  the  percent- 

•  of  recovery.     The  extraction  in  a  typical  mine  in  this  district, 

calculated  for  operations  over  a  period  of  several  years,  is  91.7  per 

at     The  chief  engineer*   of  another  company  operating  in  this 

me  district  believes  the  extraction  in  certain  portions  of  the  mines 

his  company  will  reach  80  per  cent.     In  the  Canyon  district  the 

long-wall  system  is  used,  and  the  recovery  is  nearly  complete. 

10      v,  i    Mexico. — No  information  is   available  concerning  the 
pei  _-os  of  extraction  in  New  Mexico. 

41.     Utah.— The   principal   coal   fields   of   Utah   are   located   in 
'    Mjuty.t    The  main  coal  horizon  has  from  two  to  four  work- 
able ]  '""  5  to  28  feet  in  thickness.     The  main  workable  bed, 
known  as  tin-  Castle  (Jate,  varies  in  thickness  from  5  to  20  feet,  and 
on  a  massive  close-grained  sandstone.    The  problem  presented  by 
thes*  '"'  of  mining  thick  seams,  comparatively  level  or 
fly  inclined     Formerly  some  seams  4y2  to  8  feet  in  thickness 
re  worked,  but  at  present  most  of  the  mining  is  done  in  seams 
varying  from  8  to  28  feet  in  thickness.     The  physical  features  to  be 

ion  in  this  district  are:  the  number  of  work- 
**'  ot  seams  and  their  relation  to  one  another, 

i«    Utah."   Coal    Ak,,    Vol.    10.   p.   214   and   p.   258; 
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the  character  of  the  coal,  the  dip  of  seams,  the  character  of  roof  and 
floor,  cover,  faults,  dikes,  wants,  the  flow  of  water,  sometimes  gas,  and 
the  burned-out  coal  beds  in  place  with  their  residual  heat. 

Throughout  most  of  the  fields  there  are  at  least  two  workable 
seams,  and  these  are  generally  found  in  one  coal  horizon.    In  several 
sections,  however,  there  are  three  and  sometimes  four  workable  seams 
5  feet  or  more  in  thickness.     The  distances  between  these  seams  vary 
considerably,  so  that  in  some  sections  there  are  no  unusual  problems 
involved  while  in  others  two  or  more  workable  seams  are  found  with  so 
little  intervening  strata  that  the  problem  of  successful  extraction  has 
not  yet  been  solved.    There  may  be,  for  example,  an  8-  to  14-foot  seam 
underlying  a  6-  to  10-foot  seam  with  about  200  feet  of  intervening 
strata;  in  another  instance  a  5-  to  8-foot  bed  lies  60  feet  below  one 
5  to  11  feet  thick,  and  this  lies  from  12  to  20  feet  below  a  22-foot 
seam,  which  in  turn  lies  30  feet  below  a  6-foot  seam.    In  still  another 
instance  an  11-foot  bed  is  found  from  3  to  40  feet  below  a  6-foot  bed. 
There   is   considerable   variation   in   the   physical   characteristics   of 
the  beds,  some  being  hard  and  brittle  and  others  tough.     In  some 
instances    the    cleavage    is    good,    while    in    others    it    is    not    pro- 
nounced.    Almost  without  exception  the  coals  are  hard  to  cut,  and 
some  are  hard  to  shoot.     The  average  dip  does  not  exceed  10  per 
cent,  and  in  some  places  the  beds  are  practically  flat.    As  a  rule  the 
floor  consists  of  hard  smooth  sandstone  from  which  the  coal  parts 
rather  readily.     In  many  cases  the  roof  is  of  shale  varying  in  thick- 
ness from  a  few  inches  to  several  feet.     Where  a  sandstone  roof  is 
found,  it  is  generally  too  hard  to  break  for  easy  mining.     In  some 
places  the  cover  is  more  than  2,000  feet  thick,  and  there  are  only  a 
few  localities  in  which  it  is  less  than  1,000  feet  in  thickness.     This 
heavy  cover  makes  the   mining  of  these   flat   thick   scams   a    serious 
problem  in  itself,  but  the  additional   complication   of  great   irregu- 
larity  in  depth   and   the   unyielding   qualities  of   the   thick   bedfl   of 
overlying  sandstone   make  the   problem   still   more   serious.      A   con- 
dition which  modifies,  at  least  locally,  the  laying  out  and  working 
of  a  mine  is  the  fact   that   near  the   outcrop   there   are  sometimes 
found  large  areas  of  burned  coal.    These  sometimes  extend  2,500  feet 
in  from  the  outcrop.    Mining  in  burned  areas  is  often  dangerous,  if  the 

burning  has  been  at  the  toj).  because  of  tie  disintegration  of  the  roof 
With  one  exception  all  the  mines  of  the  district  are  opened  from 

the  outcrop  by  means  of  slopes  of  drifts.     Where  conditions  ol  top 
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raphy  and  property  permit,  main  slopes  are  driven  directly  on  the 
pitch  of  the  seams.  All  mining  is  by  the  room-and-pillar  method. 
An  attempt  to  use  the  long-wall  method  in  one  case  failed  because 
of  the  unyielding  nature  of  the  roof.  The  double-entry  system  is 
almost  universal,  although  in  one  case  a  triple  entry  is  used,  and  in 
some  eases  the  double-entry  sj^stem  has  been  so  modified  by  the  con- 
nection of  the  first  rooms  on  the  cross  entries  that  it  has  become  prac- 
tically   a    4-entry    sj-stem.      In    the    earlier    workings    rooms    were 


CROSSCUT 

Fro.  :'»9.     Pillar  Drawing  in  Utah 


turned  from  the  cross  entries  as  these  were  driven,  but  the  system 

I  In  the  occurrence  of  bounces,  which  seem  to  take  the  place 

of  the  squeezes  that  occur  with  more  yielding  materials.     In  later 

ations  the  panel  system  has  been  used,  and  the  pillars  are  drawn 

on   tl 

Is  of  drawing  pillars  are  of  particular  interest,  since  they 
how  how  almost   complete  extraction  can  be  attained  under  condi- 
which  seem  nnfavorable.     These  are  described  by  Watts  sub- 
tially  as  follows: 

In  one  method   (Pig.  39),  the  block  at  the  end  of  the  pillar  on 

it   is  divided  by  another  cross-cut  driven 
tbro  '••'•  '""'  from  the  center  of  this  new  cross-cut  a  narrow 
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room  which  splits  the  stump  into  two  parts  is  driven  to  the  gob.  The 
upper  inside  stump  is  taken  out  first  by  slices  beginning  at  the  inby 
end ;  then  the  remaining  stump  is  removed.  The  lower  half  of  the 
original  block  or  pillar  meanwhile  is  split  by  a  narrow  road,  and  the 
process  is  thus  continued  down  the  pillar,  each  block  being  divided 
into  four  parts. 

Pillar  drawing  in  a  flat  seam  12  to  14  feet  thick  under  a  cover 
800  feet  thick  and  under  a  roof  which  broke  fairly  well  when  posts 
were  removed   has  been  successfully  accomplished  by  the  following 


Fie  10.    Pillab  Drawing  in  T'tah 


method:  20-foot   rooms  were  driven  with  50-fool   pillars    l  Ki<;.  40  . 

and  a  cross-cut  was  driven  through  the  pillar;  thus  a  30-foot  stump 
was  left.  This  30-  by  50-foot  stump  was  then  split  b\  a  1 "_!  foot  POOm 
which  left  a  li4-  by  30-fool  Mump  next  to  the  room  and  a  14-  b\  30 
foot  stump  on  the  other  side.  The  latter  stump  was  then  taken  oul 
in  slices  which  begin  at  the  gob,  and  the  roof  was  supported  by  prODfi 
set  every  4  feet.  The  coal  was  undercut  by  hand  and  shot  with 
black  powder.  When  this  block  had  been  removed,  tin*  track  was 
taken  up,  and  all  props  were  drawn  except  a  r<»w  adjacent  t<>  the 
rib  of  block  No.  :>.    These  blocks  were  numbeni  in  the  order  of  their 

extraction.   1.  2,  :!.  and  4.      Block   No.  :;   was  then  taken  out   from  the 
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cross-cut  to  the  gob,  track  was  laid  in  the  space,  and  block  No.  4  was 
taken  out  in  the  reverse  direction,  that  is,  beginning  at  the  gob.  In 
this  mine  3  to  6  feet  of  top  coal  are  left  up  to  protect  the  roof  on  the 
advance,  but  this  coal  is  taken  down  on  the  retreat.  When  cross- 
cuts  are  made  in  pillars  preparatory  to  drawing  them  the  whole 
height  of  the  seam  is  taken. 

Pillar  drawing  in  16-foot  coal  with  a  cover  of  400  to  1,000  feet, 
with  no  top  seam  and  with  the  roof  breaking  well  when  props  are 
drawn,  is  accomplished  as  follows:  Rooms  about  400  feet  long  are 


Pillar  Line  45° 
to  Entry 

height  of  Coal  14  to  16 


Fig.  41.     Pillar  Drawing  in  Utah 


driven  straight  up  the  pitch    which    averages    about    10    per    cent. 

Pillar^  are  drawn  on  the  retreat,  and  the  line  of  break  is  kept  at  an 

I  \:,  degrees  with  the  entry;  thus  work  is  done  on  six  or  seven 

pillars  at  a  time.    Rooms  are  about  20  feet  wide,  and  pillars  are  50  feet 

A  crosscut  is  driven  through  the  pillar  30  to  35  feet  from 

I     Pig.  41)  ;  thus  a  block  about  25  to  30  feet  by  50  feet  is  cut 

off.    This  block  is  then  split  by  a  room  about  12  feet  wide.     Blocks 

1  an  drawn  by  slicing  which  begins  at  the  end  next  to  the  gob. 

mpported  by  means  of  props  at  4-foot  intervals,  and  after 

oavq  been  removed  and  the  track  has  been  taken  out, 

pulled,  and  the  area  is  allowed  to  cave.     The  track 

-      aid  in  the  main  room,  and  blocks  3  and  4  are  taken  out  by 
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end  slicing  from  the  room ;  then  the  track  is  taken  out,  and  the  props 
are  pulled.  Another  cross-cut  meanwhile  has  been  made  through 
the  pillar  nearer  the  entry,  and  a  room  has  been  driven  through  the 
stump  so  that  by  the  time  the  first  stumps  have  been  extracted,  work 
is  being  begun  on  the  lower  stumps. 

In  this  mine  the  size  and  the  systematic  placing  of  props  have 
an  important  bearing  on  the  successful  recovery  of  the  pillars.  Until 
heavy  pine  props  were  used,  trouble  was  likely  to  occur  at  any  time. 
Now  props  as  large  as  10  inches  in  diameter  at  the  small  end  with 


Pi  !.-/■•> 


]      i 

1 


;co 


Original  P  tar  iphr  n  center 
parallel  to  Crosscuts  end 
Sic  'ng  started  on  upper 
I  half  of  Pil'ar  mby,- 
a  narrow  Strip  of  Cool  to 
prevent  Gob  be,  n.j  loaded 


Yu\.  42.     Pillar  Drawing  in  Utah 


correspondingly  heavy  cape  and,  in  some  places,  cross  bars  are  used. 
Props  are  Bel  al  regular  distances.  Many  of  these  props  are  recov- 
ered and  re-used  three  or  four  times.  By  the  adoption  of  this  method, 
the  safety  factor  is  largely  increased,  the  percentage  of  recovery  is 
greater,  and  the  product  is  of  better  quality.  In  some  eases  it  is 
customary  to  mark  pillars  at  regular  distances  so  thai  the  mine  f< 
man  or  pillar  boss  may  easily  determine  t he  progress  of  the  pillar 
work  daily  and  may  keep  the  ends  of  the  stumps  in  proper  align- 
ment. 

Another  method  of  pillar  drawing  sometimes  used  is  similar  to 

that  last  mentioned,  although  the  stump  left  is  a  little  shorter.  This 
stump  is  then  split  into  quarters,  and  the  WOrfc  ol  extraction  pro- 
ceeds from  the  cross-cut  toward  the  gob,  a  thin  section  of  coal  bein^r 
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left  to  the  last  around  the  edges  of  the  block  to  prevent  the  mixture 
of  fallen  roof  with  clean  coal. 

A  plan  which  has  proved  satisfactory,  partly  because  it  does  not 
split  the  pillar  into  many  small  stumps,  is  illustrated  by  Fig.  42. 
The  original  block  of  pillar  coal  100  feet  wide  by  120  feet  long  is 
divided  into  equal  parts  by  a  cross-cut,  and  the  upper  half  is  taken 
out  by  slicing  beginning  at  the  inner  side,  a  curtain  of  coal  being 
left  to  prevent  the  loading  of  gob,  and  one  or  two  rows  of  props  being 
put  along  the  side  of  the  coal.  Before  the  track  and  props  are  pulled, 
most  of  this  section  of  coal  is  loaded  out.  In  this'case  the  rooms  are 
18  feet  wide  and  the  pillars  100  feet  wide. 

Little  information  is  available  regarding  the  percentage  of  ex- 
traction in  Utah.  There  is  probably  only  one  mine  in  the  state  which 
has  been  worked  out,  and  no  reliable  information  can  be  obtained 
concerning  this  mine.  It  is  believed,  however,  that  the  extraction 
was  probably  about  75  per  cent.  In  coal  12  to  16  feet  thick  and  under 
cover  varying  from  200  to  2,000  feet  an  extraction  as  high  as  90 
per  cent  has  been  made,  if  marketable  coal  alone  is  considered.  If 
all  the  coal  in  the  bed  is  considered,  the  recovery  is  about  80  per 

it.  In  beds  ranging  from  15  to  30  feet  in  thickness,  retreating 
work  has  hardly  been  started  so  that  no  information  on  total  recovery 

available.  It  is  possible  that  it  will  be  rather  low.  It  could  be 
made  higher  if  the  filling  method  could  be  used,  but  the  price  of  coal 
does  not  warrant  the  use  of  this  method. 

A   condition  largely  influencing  the  percentage  of  extraction  is 

jee  of  more  than  one  workable  seam  with  little  intervening 

material.    Under  present  conditions  the  percentage  of  extraction  from 

ll"  »ntaining  seams  with  3  to  12  feet  of  intervening  rock  is  at 

best  only  65  per  cent  of  all  the  coal.     In  one  mine  an  attempt  was 

to  take  out  the  coal  from  two  beds,  the  lower  being  11  feet  thick 

and  the  upper  5  to  6  feet  thick  with  intervening  rock  2%  to  12  feet 

The  workings  were  in  the  lower  bed,  and  frequently  the  roof 

m  afl  the  pillars  were  drawn  and  practically  all  the  upper 

B.  Apperson*  gives  the  percentage  of  extraction  in  two  mines 
■•nearly  |  of  the  total  seam,  while  the  extraction  at  another 

&5  P ent.    At  the  mines  yielding  the  lower  percent- 

n,  the  cover  js  about  800  feet.     At  one  of  the  mines 

•  P<-.-  nmuuicmUou. 
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yielding  the  higher  percentage  of  extraction,  pillar  drawing  was 
commenced  at  the  middle  of  the  mine  under  a  cover  of  approximately 
1,700  feet.  A  good  break  is  obtained  about  50  feet  behind  the  pillar 
extending  the  full  length  of  line.  Only  small  areas  have  been  worked 
out  in  these  mines. 

42.  Washington. — No  reliable  information  is  available  concern 
ing  the  percentage  of  extraction  in  Washington.  Conditions  arc 
somewhat  unusual  in  that  most  of  the  coal  has  been  badly  folded  and 
faulted  and  consequently  crushed,  and  the  deposits  have  been  steeply 
tilted.*  It  is  impossible  to  separate  the  refuse  in  the  mines,  and  a 
large  percentage  of  it  has  to  be  washed. 


*  Daniel,    Professor  Jos.,    Personal   Communication. 
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APPENDIX 

Development  of  Mining  Methods  in  England 
and  on  the  Continent 

43.  Brief  History  of  Coal  Mining  Practice  in  England. — It  is 
interesting  to  review  briefly  the  history  of  the  coal  mining  methods 
of  England,  because  the  mining  methods  employed  in  this  country 
are  largely  applications  of  methods  developed  in  England  and  brought 
over  by  miners. 

The  many  methods  of  obtaining  coal  may  be  grouped  on  the  basis 
of  recovery  under  two  main  headings:  one  in  which  the  whole  of  the 
coal  seam  is  taken  out  in  the  first  working,  and  another  in  which 


Fig.  43.     Bell  Pit 

only  b  part  of  the  seam  is  removed  in  the  first  working.    These  may 
be  called  the  no-pillar,  or  long-wall,  system  and  the  pillar  system. 
The  earliest  mining  was  naturally  done  on  the  outcrop  of  the 
una,  and  as  this  practice  became  difficult  or  impossible,  the  use  of 
"beU-pite"   (Fig.  43)   was  developed.     These  were  holes  or  shafts, 
from  3  to  4  feet  in  diameter,  which  were  sunk  through  the  shallow 
rbnrden  near  the  outcrop  and  widened  out  at  the  bottom  in  order 
allow  the  excavation  of  as  much  coal  as  possible  without  permit- 
ting the  roof  to  fall  in.    It  was  of  course  impossible  to  extract  much 
coal  from  a  pit  of  this  kind,  and  in  order  to  obtain  the  coal  even 
from  a  small  area  it  was  necessary  to  dig  a  large  number  of  pits. 
This   method   was  gradually  abandoned,  and  the  coal  was  worked 
by  menu  of  galleries  driven  out  from  the  bottom  of  the  shaft,  usually 
in  an  unsystematic  manner;  thus  began  the  use  of  pillars  to  sustain 
The  driving  of  galleries  permitted  the  working  of  much 
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greater  areas  than  could  be  reached  from  the  bell-pits;  however,  no 
areas  of  more  than  a  few  acres  were  worked  from  one  shaft,  nor 
were  systematic  ventilation  and  regularity  in  laying  out  the  work- 
ings introduced  until  the  exhaustion  of  the  shallow  coal  made  neces- 
sary a  study  of  methods  to  be  employed  in  deeper  workings.  Until 
the  introduction  of  the  Newcomen  engine,  when  pumping  by  steam 
power  became  possible,  shafts  were  rarely  as  deep  as  200  feet;  they 


FlG.    44.       BORD-AND-PlLLAR 


were  7  or  8  feet  in  diameter,  and  the  area  worked  from  one  shaft  wai 
seldom  more  than  600  feet  in  radius.* 

The  structure  of  many  coal  seams  is  such  that  there  are  two  direc- 
tions, determined  by  the  cleat  of  the  coal,  in  which  the  seams  can  be 
most  easily  worked.  The  direction  at  right  angles  to  the  face  cl< 
is  known  as  "bordway, "  while  the  other  direction  approximately  at 
right  angles  to  the  first  is  known  as  "headway."  The  excavations 
made  in  a  direction  at  right  angles  to  the  principal  or  face  ch 


*  Bulraan    and    R*dm»yn*.    "  Colliery    Working   and    Management       p     3.    1905 
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were  called  bonis,  and,  as  the  coal  was  most  easily  taken  out  in  this 
direction,  these  excavations  were  made  wider  than  the  connecting 
passages  or  headways.  The  coal  left  in  place  to  sustain  the  roof 
I  railed  pillars;  thus  originated  the  term,  "bord-and-pillar" 
method,  which  in  its  various  developments  is  commonly  known  in 
this  country  as  the  room-and-pillar  method.  This  method  was 
developed  in  different  forms  in  England  and  was  variously  called 
•bord-and-pillar."   * ' bord-and-wall, "   "post-and-stall,"   and   "stoop- 

and-room."' 

In  early  times  the  "pillars"  were  probably  made  very  small  and 
square  measuring  from  3  to  6  feet  each  way.  In  the  eighteenth  cen- 
tury the  bords  were  usually  made  9  feet  wide  and  the  pillars  12  feet 


Fig.  45.     Stoop-and-Room 


wide,  though  they  were  of  course  irregular.     The  bords  were  com- 
monly widened  out  between  the  headways  (Fig.  44),  and  the  pillars 
gouged  to  as  great  an  extent  as  was  considered  safe,  it 
being  desirable,  in  view  of  the  comparatively  small  area  which  could 
nehed  from  a  single  shaft  and  in  view  also  of  the  inadequate  ven- 
tilation, to  extract  as  much  coal  as  possible  within  the  area  worked. 
This    method  of  working  was  essentially  wasteful  as  not  much  more 
than  50  per  cent  of  the  eoal  was  obtained,  and  since  the  pillars  left 
unable  to  bear  the  weight  of  the  cover,  they  were  soon  crushed 
further  working  whs  made  impossible.*     Possibly  a  larger  per- 
ftken  out  in  some  places  as  Redmayne  t  says  it 
more  than  65  per  cent  of  the  available  area  could  be 

B<ml  Ooal   Mining,"  Vol.   1,   p.  296.  

im*?'  Hodera   PVabtfee  in  Mining,"  Vol.  3;  p.  82.     :; 
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extracted;  but  he  refers  to  John  Buddie  as  saying,  at  a  somewhat 
later  period  when  the  pillars  were  18  by  66  feet,  that  not  more  than 
4514  per  cent  of  the  contents  of  a  fiery  scam  could  be  obtained  under 
any  method  of  working  then  known.  It  was  not  until  much  later 
that  the  exhaustion  of  the  most  easily  worked  deposits  directed  atten- 
tion to  the  desirability  of  higher  extraction. 

A  system  with  square  pillars  and  working  places  of  almost  uni- 
form width  (Fig.  45)  has  continued  in  common  use  at  Whitehaven 
and  in  Scotland  down  to  the  present  time.  In  the  north  of  England 
the  pillars  were  usually  oblong,  probably  because  the  highly  devel- 
oped face  e'eat  of  the  coal  made  the  extraction  in  one  direction  much 
easier  than  in  others.*  The  lengthening  of  the  pillars  reached  its 
greatest  extent  in  South  Wales  where  cross  holing  was  so  little  em- 
ployed as  scarcely  to  form  a  part  of  the  system  of  working. 

The  date  at  which  the  extraction  of  pillar  coal  was  begun  is  not 
known,  but  it  seems  certain  that  pillars  were  removed  in  the  north 
of  England  before  1740.  The  following  statement!  is  made  concern- 
ing the  removal  of  pillars: —  "The  documentary  evidence  cited  goes 
to  show  that,  previous  to  1708,  the  general  practice  was  to  leave 
small  pillars  of  coal  standing  for  the  support  of  the  roof;  30  years 
later  pillars  were  being  partially,  sometimes  entirely,  removed;  and 
during  the  remainder  of  that  century,  in  mines  free  from  gas.  a 
second  working  of  the  pillars  was  frequently  carried  out.  In  the 
deeper  and  fiery  collieries,  which  began  to  be  developed  about  the 
middle  of  the  eighteenth  century,  the  risk  of  creep  as  well  as  of  gas  es 
plosions  prevented  the  removal  of  the  pillars.  The  invention  of 
the  safety  lamp,  improvements  in  ventilation,  and  the  formation 
of  much  larger  pillars  in  the  first  working  ....  were  introduced 
during  the  first  30  to  40  years  of  the  present  (nineteenth)  cent 
ory  ....  which  enabled  the  pillars  t<>  ii»>  removed  in  a  second  work 
ing. 

Concerning  the  size  of  pillars.  Jars,  a  French  engineer  who  pub- 
lished "Voyages  Me'tailurgiques'1  in  1771.  Bays  In  "A  Journey 
Through  the  North  of  England,"  that  underground  pillars  of  coal 
were  made  from  :J(J  to  •">  1  feet  square,  and  that  working  places  * 
from  5  to  16  feet  wide.  At  this  time  the  pillars  were  left  until  all  the 
coal  was  exhausted.    Another  traveler  who  mads  a  tour  of  Scotland  in 


*  Qttkmmf,   R     I.  .   "Annals  of  Coal  Mining  tad  Um    <  ...,,  Tntdi       i      1 
f  Bulman    find    Rodmsyno.    ••  OoOJtrj    Workin 
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1772  said  that  pillars  45  feet  square  were  left  and  that  not  more  than 
one-third  of  the  coal  was  worked.* 

The  extraction  of  a  portion  of  the  pillars  in  gassy  mines  by  a 

ond  working  was  just  beginning  to  be  a  regular  part  of  the  bord- 
and-pillar  system  at  this  period.  It  could,  however,  be  effected  only 
in  a  very  incomplete  manner  so  long  as  the  miners  had  to  depend 
upon  candles  and  steel  mills  for  light.  At  this  time  also  the  extensive 
adoption  of  the  long- wall  system  began. t 

In  the  early  part  of  the  nineteenth  century  little  change  seems 
to  have  been  made  in  the  size  of  pillars  used  in  the  Newcastle  district, 
according  to  a  statement  of  an  author  who  speaks  of  them  as  being 
60  by  27  feet  or,  in  some  instances,  27  feet  square.  About  this  time 
the  drawing  of  pillars  seems  to  have  become  common  in  Northumber- 
land, as  Mackenzie,  who  wrote  a  "View  of  Northumberland ' '  in 
1825,  speaks  of  the  mode  of  working  coal  as  being  much  improved 
in  the  last  few  years.     He  says   (second  edition,  page  90),  "from 

en-eights  to  nine-tenths  of  the  coal  is  at  present  raised,  whilst 
formerly  but  one-half,  and  frequently  less,  was  all  that  could  be  ob- 
tained." No  doubt  this  statement  refers  to  the  general  practice  of 
removing  pillars,  which  had  been  made  practicable  in  gassy  mines 
by  the  invention  of  the  Davy  lamp. 

Conflicts  of  interests  between  coal  producers  and  owners  of  the 
surface  are  of  early  record.  It  was,  of  course,  the  desire  of  the 
colliers  to  remove  as  much  of  the  coal  as  possible,  even  where  the 
surface  was  supposed  to  be  maintained,  and  the  result  of  making 
pillars  too  small  was  subsidence.  There  is  probably  no  definite  rec- 
ord of  the  first  occurrence  of  subsidence,  but  one  of  the  earliest 
mining  leases  written  in  the  English  language,  dated  1447,  indicates 
that  it  was  the  custom  to  leave  pillars  to  sustain  the  surface  and  that 
had  already  taken  place.  J 

Iri  the  latter  part  of  the  eighteenth  century  the  working  of  pillars 
in  a  fiery  mine,  such  as  Wallsend  Colliery,  was  not  considered  prac- 

ible,  and  only  about  39  per  cent  of  the  coal  was  obtained  while 
8]  per  rent  was  permanently  lost.  This  coal  was  at  a  depth  of  600 
feet,  and  the  workings  represent  the  best  practice  of  the  bord-and- 
pillar  system  at  that  period.fl 

W*7;^"  L"  "Annal8  of  Coal  Mining  and  the  Coal  Trade,"  p.  353,   1898. 
T  Xoia,   p.   3o2. 

t'j. 

1  Ibid.  p.  208 
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Until  about  the  end  of  the  eighteenth  century  an  extraction  of 
45.5  per  cent  was  considered  the  maximum  which  could  be  obtained 
in  the  deep  collieries  of  the  Tyne.*  The  first  person  to  offer  a  par- 
tial remedy  for  this  very  unsatisfactory  condition  was  Thomas 
Barnes,  viewer  of  Walker  Colliery,  who  projected  a  scheme  in  1795 
for  recovering  a  portion  of  the  pillars  without  causing  loss  of  the  mine. 
This  system  provided  for  dividing  the  workings  into  small  sections 
of  10  to  20  acres  and  isolating  these  with  artificial  barriers  formed  by 
filling  the  excavated  spaces  with  stones  and  refuse  for  a  breadth  of  120 
to  150  feet.  By  this  method  one-half  of  alternate  pillars,  or  one-quarter 
of  the  remaining  coal,  was  removed,  and  the  percentage  of  extraction 
was  increased  from  about  39  to  about  54  per  cent.  Wherever  pillars 
were  thus  removed,  a  squeeze  was  brought  on,  but  the  barriers  kept  it 
from  spreading.  This  method  proved  to  be  successful,  and  it  was 
adopted  at  other  collieries. 

Probably  about  this  time  the  pillars  at  Wallsend  Colliery  were 
left  larger  as  a  preparatory  step  toward  a  second  working.  Buddie 
said  that  after  about  one-third  of  the  colliery  had  been  worked  by 
means  of  36-foot  winnings  (12  feet  to  the  bord,  24  feet  to  the  wall  or 
pillar)  in  which  no  more  coal  was  left  in  pillars  than  was  consid- 
ered sufficient  to  support  the  roof,  the  size  of  the  winnings  was  in- 
creased to  45  feet  (15  feet  to  the  bord  and  30  feet  to  the  pillar). 
"This  change  of  size/'  he  said,  "was  not  made  for  the  purpose  of 
obtaining  a  greater  produce  in  the  first  working  of  the  seam.  But  the 
notion  of  the  future  working  of  the  pillars  then  began  to  be  enter- 
tained, and  the  increased  size  of  the  winnings  was  considered  a  more 
favorable  apportionment  of  the  excavation  and  pillar  for  the  attain- 
ment of  this  object."  This  is  the  first  record  found  of  a  second 
working  in  the  deep  Tyne  Collieries.t  Pillars  seem  to  have  been 
worked  in  the  northern  part  of  England  about  the  middle  of  the 
eighteenth  century. 

44.  Ventilation. — The  distance  to  which  workings  could  be  driven 
and  the  extent  to  which  pillars  could  be  drawn,  especially  in  gassy 
mines,  were  found  to  depend  largely  upon  ventilation.  In  the  latter 
half  of  the  eighteenth  century  improvements  in  ventilation,  which 
had  been  used  earlier  in  the  Cumberland  field,  were  introduced  into 

*  "Trans.  Nat.  Hist.  Soc.  of  Northumberland.'*   Vol.  2,  p.  323. 

t  Galloway.   H.  L  .    "Annala  of  Coal  Mining  and  tha  Coal   Trada."   pp    315-818.    1898 
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the  north  of  England,  where  the  frequency  of  explosions  made  better 
ventilation  necessary.  Until  this  time  it  had  been  considered  suffi- 
cient  to  conduct  the  air  current  along  the  working  face,  an  arrange- 
ment known  as  "  face-airing ;"  consequently,  the  worked-out  places, 
which  were  behind  the  miners  in  advancing  work,  were  left  without 
ventilation  As  long  as  the  extent  of  workings  was  very  limited, 
this  method  was  not  attended  with  great  danger;  but,  as  the  mines 
became  deeper  and  more  gassy,  workings  were  made  larger  and  the 
danger  from  this  inadequate  ventilation  increased,  because  the  worked- 
ont  places  became  magazines  for  the  accumulation  of  fire  damp. 

The  improved  method  of  ventilation,  which  was  known  as  "cours- 
ing  the  air,"  consisted  in  so  directing  the  air  that  the  whole  current 
through  all  the  openings  in  the  mine.    While  this  method  was 
stive  in  preventing  the  accumulation  of  standing  gas,  it  intro- 
duced a  great  danger  in  that  the  air  took  up  constantly  increasing 
quantities  of  gas  in  its  passage  through  the  mine,  and,  since  it  was 
constantly  exposed  to  the  lights  of  miners,  it  became  dangerous  in 
the  latter  part  of  its  course.     It  was,  moreover,  constantly  contami- 
nated by  the  breathing  of  men  and  animals  and  by  the  smoke  from 
the  candles.     This  method  was  introduced  in  the  north  of  England 
out  1765  or  1766,  and  it  was  about  this  date  that  the  steel  mill 
i  was  introduced  for  the  purpose  of  giving  light.*     Though  this 
method  was  fairly  satisfactory  in  small  mines,  it  was  very  unsatis- 
tf.ry  in  large  ones.     At  Walker  Colliery,  although  the  pits  were 
only  half  a  mile  apart,  the  air  current  traversed  a  line  exceeding 
thirty  miles  in  length.    At  Hebburn  Colliery  the  air  course  was  also 
i  to  be  not  less  than  the  same  length.    Not  only  was  it  difficult  to 
P  the  air  passages  open  and  the  doors  and  stoppings  tight,  but 
the  friction  of  the  air  limited  the  velocity  of  the  ventilating  current, 
which  would  have  been  low  at  best  since  the  force  causing  this  cur- 
rent  was  supplied  only  by  a  furnace.    At  this  colliery  the  circulation 
six  thousand  cubic  feet  of  air  per  minute  was  considered 
luffl  and  the  velocity  was  about  three  feet  per  second. 

Panel  System. — There  was  great  difficulty  in  carrying 

>rk  in  tl  p  collieries  of  the  North,  because  squeezes  occurred. 

Bthod   of  working  described   as  common  in   the  North  at  this 

period   consisted   in  having  bords  12  feet  wide  and  24  feet  apart 

■h  Of  Coal   Mining  ;uid   the   Coal  Trade,"   p.  279,    189R. 
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connected  by  headways  60  feet  apart,  thus  leaving  pillars  of  coal 
24  by  60  feet.    Another  size  of  pillar  given  is  30  by  72  feet.* 

Early  in  the  nineteenth  century,  John  Buddie,  Jr.,  who  had  suc- 
ceeded his  father  as  manager  at  Wallsend  and  who  was  responsible 
for  important  improvements  in  coal  mining  methods,  devised  and 
put  into  practice  improved  methods  of  working  and  ventilation 
whereby  squeezes  were  effectually  kept  in  check,  and  the  existin-j 
system  of  ventilation  was  greatly  improved.  He  effected  these  im- 
provements by  dividing  the  workings  into  independent  districts  or 
panels,  as  Barnes  had  done.  Buddie's  idea,  however,  was  to  provide 
for  confining  the  movement  by  separating  the  districts  or  panels 
with  barriers  of  solid  coal  left  in  the  first  working.  This  method 
was  adopted  in  developing  the  Wallsend  G  pit  in  1810.  Buddie's 
improvement  in  ventilation  involved  dividing  or  splitting  the  cur- 
rent. This  method  of  ventilation  proved  successful  and  was  quickly 
adopted  at  other  mines  to  which  it  could  be  applied,  but  the  air 
currents   employed    were   still    very    feeble. 

Prom  the  preceding  descriptions  it  will  be  seen  that  all  the  essen- 
tials of  the  room-and-pillar  system  as  now  practiced  in  this  country 
had  been  developed  in  Great  Britain  prior  to  1810. 

-Mi.  Squan  Work  <>j  South  Staffordshire. — In  the  Thick  scam  of 
South  Staffordshire  where  the  coal  varies  in  thickness  from  18  to 
36  feet,  a  method  which  bears  a  close  resemblance  to  the  panel  method 
was  developed.  The  district  had  been  greatly  troubled  with  fires 
due  to  spontaneous  combustion,  and  in  order  to  extinguish  these 
tires  easily  or  to  confine  them  within  the  immediate  vicinity  of  their 
origin  this  method,  known  as  ''square  work,"  was  developed.  It 
consists  in  dividing  the  area  to  be  worked  into  a  Dumber  of  Large 

chambers  termed  ''sides-of-work.'"  surrounded  on  all  sides  by  panels 
of  solid  coal  known  as    "fire  ribs."     The  only  openings   in  these 

panels  are  those  aecessary  for  the  extraction  of  coal  and  for  venti- 
lation. The  panels  are  nearly  square,  and  from  four  to  sixteen  pil- 
lars, the  number  varying  according  to  the  size  of  the  chamber,  are 
left  to  support  the  roof.  Fig.  46  shows  an  old  form  of  square  work, 
Under  the  system  in  its  simple  form  and  in  the  firsl  working,  pnrj 
from  40  to  o()  per  cent  of  the  available  coal  is  recovered,  but 
the   larger  portion  of  that   left   is  recovered   by   Second   or  even   third 

•  Ibid.   p.   305. 
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workings  carried  out  after  the  lapse  of  some  years.  The  final  loss 
in  working  may,  therefore,  not  exceed  10  per  cent  of  the  available 
coal ;  the  coal  recovered  in  these  later  workings,  however,  is  frequently 
badly  crushed.* 

47.  The  Long-wall  System. — The  other  general  method  of  coal 
mining,  the  long-wall  method,  has  been  from  early  times  prevalent 
in  Shropshire,  from  which  district  it  has  spread  into  others.  The 
date  of  the  origin  of  this  method  is  doubtful,  but  it  is  said  to  have 
been  in  general  use  in  the  Shropshire  district  about  the  middle 
of  the  nineteenth  century. t 


Fig.  46.     Old  Square  Work 

The  long-wall  method  of  mining  has  been  highly  developed  in 
England   and   Scotland   and   has   been    applied   at    greater   depths 
and  to  thicker  beds  of  coal  than  it  has  been  in  this  country.     Con- 
sidered from  the  point  of  view  of  completeness  of  extraction,  the 
system  fulfills  the  highest  requirements:    It  not  only  permits,  but 
requires   the   excavation   of  the   whole   bed   of   coal.     Whether   all 
the  coal  shall  be  taken  out  of  the  mine  depends  of  course  on  whether 
arketable. 
This  method   of  working  has  not  been  as  generally  applied  in 
as  have  the  various  forms  of  the  room-and-pillar 
an,     T  re,  however,  certain  districts  in  which  it  is  used 

almost   exclusively.     Among   the   most   prominent   of   these   is   the 
id  of  Illinois  which  has  been  described  as  District  I 
bapter  II.     The  other  districts  in  which  the  long-wall  method 
of    northwest   Missouri,    northeast    Kansas,    the 

Modern   Practice  in  Mining,"  Vol.  3,  p.   116. 
'th  of  Eng.   Init.  Min.  Engrs.."  Vol.  2,  p.  261.  ' 
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Osage  district  of  Kansas,  the  Appanoose  district  of  Iowa,  the  north- 
central  district  of  Texas,  and  the  Canyon  district  of  Colorado. 
Scattering  applications  of  the  method  are  found  elsewhere,  but 
the  physical  conditions  in  the  regions  mentioned  have  been  best 
suited  to  its  use.  It  seems  probable  that  the  long-wall  system,  with 
modifications  perhaps,  will  be  more  widely  used  in  this  country  in 
the  future. 

48.  Percentage  of  Recovery  in  England. — The  methods  followed 
in  England  have  not  been  developed  with  the  purpose  of  obtaining 
a  high  percentage  of  recovery.  It  was  not  until  1854*  that  a  special 
department  for  collecting  and  publishing  mineral  statistics  was  cre- 
ated, and  not  until  1861  that  any  systematic  estimate  of  coal  re- 
sources was  made.  About  this  time  predictions  forecasting  the 
exhaustion  of  the  coal  supply  within  a  century  caused  a  great  dis- 
turbance, and  a  royal  commission  was  appointed  in  1866.  A  report 
of  this  commission  was  made  public  in  1871. 

The  part  of  this  report  which  deals  with  waste  in  working  is  of 
special  interest.  The  commission  estimated  the  "ordinary  and  un- 
avoidable loss"  to  be  about  10  per  cent,  though  they  said,  "In  a 
large  number  of  instances,  when  the  system  of  working  practiced 
is  not  suited  to  the  peculiarities  of  the  seams,  the  ordinary  waste 
and  loss  amount  to  sometimes  as  much  as  40  per  cent."  The  princi- 
pal part  of  this  unavoidable  waste  arises  from  the  crushing  of  pillars. 

In  addition  to  this  unavoidable  loss,  there  is  waste  or  loss,  variable 
in  amount,  but  sometimes  very  great,  arising  from  the  following 
causes:! 

(1)  The  leaving  below  ground  or  consuming  in  Large  heaps  of 
small  coal  on  the  surface  (presumably  the  loss  from  this  source  is 
much  less  at  present  because  of  the  greater  consumption  of  small 
sized  coal,  as  in  this  country). 

(2)  Undercutting,  often  wastefully  made,  in  good  coal. 

(3)  The  leaving,  either  wholly  or  in  part,  of  an  adjoining  or 
neighboring  bed  when  it  becomes  crushed  and  unworkable,  because 
it  is  not  wanted  at  the  time,  or  because  if  it  should  be  worked,  the 
cost  per  ton  of  the  coal  extracted  is  increased. 


*  DifMt    of   the    Kvideuce    giveu    before    the    Kov«tl    CoinoiiBuion    oo    Co»l    Supplier    Vol     I.. 
p     IX,    1905. 

t  Ibid.  p.   XXXIII. 
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(4)  Existence  of  coal  on  properties  which  are  too  small  to  be 
worked  alone  or  in  small  parts  of  colleries  cut  off  by  a  large  fault. 

(5)  Disputes  over  the  cost  of  drainage. 

(6)  The  breaking  in  of  water  from  the  sea  or  from  a  river 

estuary. 

7       The  leaving  of  barriers  around  small  properties  or  crooked 

boundaries. 

Lark  of  plans  or  records  showing  the  extent  of  old  work- 
ings, operations  of  seams  not  sufficiently  proved  to  justify  expendi- 
ture for  sinking  pits;  sufficient  information  might  have  been 
obtained  if  records  of  previous  explorations  had  been  preserved  in 
available  form. 

(9)  The  piercing  of  water-bearing  strata  by  shafts  and  bore 
holes  which  are  not  protected  by  water-tight  casings,  or  are  not  care- 
fully filled  and  puddled  when  temporarily  left  or  abandoned. 

(10)  The  cutting  through  of  main  faults  serving  as  natural 
barriers  to  keep  back  water  and  the  consequent  flooding  of  the  coal. 

(11)  The  leaving  of  large  areas  of  coal  in  populous  and  manu- 
facturing districts  to  support  the  surface  and  the  buildings. 

While  some  of  the  causes  mentioned  do  not  apply  directly  to  con- 
ditions  in  this  country,  the  list   furnishes   a   complete  synopsis  of 

sons  for  coal  losses. 

Since  the  issuance  of  the  report  of  1871,  there  have  been  great 
improvements  in  the  methods  of  getting  coal.  At  the  present  time 
the  Long-wall  system  is  in  general  use,  and  the  waste  has  been 
lowered  ;  yet  in  some  parts  of  the  United  Kingdom,  notably  North- 
umberland, the  pillar-and-stall  system  is  still  in  general  use. 

Among  the  factors  contributing  to  a  higher  rate  of  recovery  is 

I  eatly  increased  value  of  small  sizes  of  coal.  It  was  computed  in 
187]  thai  the  average  value  of  the  small  coal  mined  in  Great  Brit- 
ain wa>>  only  60  cents  per  ton,  while  in  1905  the  small  sizes  of  steam 

:  from  the  South  Wales  district  brought  about  $1.90  per  ton;  in 
all  the  other  coal  fields  the  value  has  been  doubled  and  even  trebled. 
principal  cause  of  this  change  lies  in  the  improved  preparation 
of  coaL  The  manufacture  of  producer  gas  on  a  large  scale  and 
■  tli  of  the  briquet  industry  have  also  increased  the  possible 
use*  of  the  small  sizes.  One  of  the  effects  of  the  increase  in  the 
va;  ,na11  ('(y^  has  been  some  decrease  of  the  comparative  advan- 
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tage  of  the  long-wall  system,  since  the  production  of  a  large  amount  of 
fine  coal  with  the  pillar-and-stall  system  is  less  objectionable  than 
formerly.* 

Interest  in  the  subject  continued,  and  another  investigation,  more 
exhaustive  than  the  earlier  one,  was  made  by  the  Royal  Com- 
mission on  Coal  Supplies  which  organized  in  1902  and  presented 
its  report  in  1905.  The  Royal  Commission  of  1905  adhered  to  the 
limit  of  depth,  namely  4,000  feet,  established  by  the  earlier  com- 
mission. It  was  thought  that,  although  there  might  be  no  insuperable 
physical  or  mechanical  difficulties  in  the  working  of  beds  at  greater 
depths,  the  expense  would  be  so  great  that  imported  coal  could  be 
obtained  more  cheaply. 

With  regard  to  thickness,  the  commission  which  reported  in  1871 
had  included  seams  exceeding  one  foot  in  thickness  as  workable.  The 
question  is  largely  a  commercial  one,  and  thinner  seams  are  being 
worked  now  than  formerly.  Mr.  Gerrard,  inspector  of  mines  for 
the  Manchester  district,  obtained  from  all  the  inspection  districts 
returns  which  showed  that  in  1900  17.7  per  cent  of  the  entire  output 
was  taken  from  seams  not  exceeding  three  feet  in  thickness. t  In 
the  United  States,  limits  of  3,000  feet  in  depth  and  of  14  inches  in 
thickness  have  been  decided  upon  by  the  Department  of  the  Interior 
as  factors  determining  what  portions  of  the  remaining  public  lands 
shall  be  considered  coal  lands.  J 

The  Royal  Commission  took  evidence  also  on  the  cost  of  working. 
and  gave  figures  which  show  how  greatly  the  labor  COSi  rises  and  the 
individual  output  declines  &g  thinner  beds  are  mined.  Mr.  Gerrard 
gave  the  underground  wages  as  ranging  from  $1.68  to  $2.28  per  ton 
in  seams  up  to  12  inches,  and  from  63  cents  to  $1.36  in  all  under- 
ground seams  in  his  district  from  1  foot,  1  inch  to  '5  feet,  while 
the  daily  output  ranged  from  one-half  ton  to  'I1  ,  tons.  It  wa> 
estimated  that  the  cost  of  digging,  loading,  and  hauling  in  Scotland 
was  $1.24  for  a  seam  14  to  15  inches  thick,  and  65  cents  for  one  from 
2  to  2*/2  feet  thick,  while  the  daily  output  varied  from  22  hundred 
weight  to  IV2  tons.  In  Somersetshire  the  average  cost  of  working 
thin  scjiins  has  been  about  $1.92  per  ton  for  a  number  of  years,  while 

'Direct  of   the    Eridenofl    rhren    befon    tin-    Royal   Commission   on   Coal    BuDBltel     Vol.    1 
P     XXV  .    l '..(.;,. 

t  Dinal  of  the  Eridencc  airea  before  the   Royal  OoauBiaakm  on  Coal  fin  null—    Vol    i 
]>.  XXXV  ,u 

t  Fist  •       '  Standard*  Adopted  foi  <  oal   Landi  of  the   P  main      I 

Qool    Bar  .  Hul    ■»■_•  i     Uhle:    »i 
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in  Yorkshire  the  eost  in  1900  varied  from  about  96  cents  to  $1.68.* 
The  Commission  of  1905  finally  decided  to  retain  the  figure  of  one  foot 
as  the  limit  of  thickness. 

In  connection  with  the  subjects  of  depth  and  thickness,  it  should 
be  noted  that  it  is  not  the  practice  in  Europe  to  work  single  thin 
beds  at  great  depths.  The  thin  beds  are  worked  in  conjunction  with 
thicker  ones,  and  it  is  the  lower  cost  of  production  in  the  latter  which 
makes  the  working  of  the  thin  ones  commercially  possible.  The  high 
cost  of  working  thin  beds  is  partly  responsible  for  the  high  cost  of 
European  coal.  The  American  practice  is  distinctly  different,  for 
there  are  few,  if  any,  districts  in  this  country  in  which  any  bed  of 
bituminous  coal  is  worked  unless  it  is  believed  that  such  working 
shows  a  profit  without  reference  to  other  workings.  Instances  of 
the  working  of  more  than  one  bed  of  bituminous  coal  from  the  same 
shaft  are  rare  in  the  United  States. 

49.  Percentage  of  Coal  Lost. — A  detailed  inquiry  was  made  by 
the  Royal  Commission  into  the  various  sources  of  loss.  The  points  of 
greatest  interest  in  connection  with  the  present  study  were  covered 
as  follows  :f 

"Coal  left  for  Support. — It  is  evident,  that,  except  in  very  special 
cases,  it  is  not  possible  to  remove  all  the  coal.  A  certain  amount  must 
be  left  in  order  to  maintain  shafts,  etc.,  and  to  support  the  surface 
— as,  for  instance,  under  houses,  railway,  canals  and  rivers — and  there 

as  little  hope  under  existing  circumstances  of  avoiding  this  source 
of  loss.  The  amount  of  coal  left  for  support  depends  largely  upon 
whether  its  value  is  greater  than  the  damage,  which  would  be  caused 
by  its  removal.     . 

'•  Barriers. — We  have  evidence  that  much  coal  has  been  and  is 

through  the  practice  of  leaving  unnecessary  barriers  between  roy- 
alties and  properties;  but  the  present  tendency  to  take  large  areas 
under  Lease  is  reducing  the  loss  from  this  cause,  and  in  many  cases 
barrier!  between  properties  are  now  worked  out  by  mutual  arrange- 
men 

k  Seams.— Where  the  seams  are  of  abnormal  thickness  much 
!  is,  in  some  cases,  wasted,  and  for  various  reasons.     Sometimes  it 

et  J  '"fore  the-  Royal  Commission  on  Coal  Supplies,  Vol.  I.,  p.  178 

,  e  g>ven   before  the   Royal   Commission   on  Coal   Supplies,    Vol.   I., 


PERCENTAGE    OF    EXTRACTION    OP    BITUMINOUS    COAL 


155 


is  considered  that  the  whole  seam  cannot  be  taken  out  with  safety, 
and  part  is  therefore  left  to  form  a  roof.  Further,  such  thick  seams  are 
more  difficult  to  work,  and  when  the  whole  of  the  seam  is  not  of  the 
same  quality,  there  is  a  temptation  to  take  out  the  best  coal  first  and 
to  leave  the  rest  for  possible  future  working.  Suggestions  have  been 
made  by  some  of  the  witnesses  as  to  the  best  method  of  working  such 
thick  seams,  and  there  is  little  doubt  that  improved  methods  com- 
bined with  the  increasing  use  of  inferior  coal  will  to  a  large  extent 
obviate  the  difficulties  mentioned. 

"Inferior  and  Small  Coal  Left  in  Mines. — According  to  the  evi- 
dence inferior  coal  is  frequently  left  in  the  mine  owing  to  its  being 
unsalable,  and  in  some  districts  considerable  quantities  of  small  coal 
are  also  left.  In  recent  years  there  have  been  vast  improvements  in 
the  methods  of,  and  the  appliances  for,  preparing  and  utilizing  small 
and  inferior  coal,  and  the  higher  appreciation  of  such  coal  should 
<ro  far  to  put  an  end  to  this  waste." 

Table  10  presents  the  conclusions  of  the  commissioners  of  different 
districts  regarding  the  deductions  which  should  be  made  to  cover 
losses  in  calculating  the  amount  of  coal  remaining  available.*  It  is 
to  be  understood  that  the  values  given  do  not  refer  merely  to  the  losses 
within  a  definite  mined-out  area  but  to  the  total  losses  which  are  to  be 
expected  in  extracting  the  total  coal  remaining  available.  Since  both 
amounts  of  losses  and  reasons  for  them  are  governed  largely  by  local 
conditions,  it  is  unnecessary  to  go  into  details,  especially  since  it  was 
found  impossible  there,  as  it  has  been  here,  to  arrive  at  definite  state- 
ment for  the  losses  in  all  cases.  Values,  however,  are  founded  upon 
the  opinions  of  men  familiar  with  the  practice  in  the  districts,  and 
they  are  at  least  approximately  correct. 


Tabu  10 

Percentages  of  Coal  LoesBfl   18  Bstimatbd  by  the 

Royal  Commission  of  [9  IS 
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In  the  introduction  to  the  report  of  the  Commission,  prepared  by 
the  editor  of  the  "  Colliery  Guardian,"  it  is  stated  (p.  xxvi),  "Much 
of  the  evidence  goes  to  show  that  the  more  general  adoption  of  the 
long-wall  system  in  recent  years  has  resulted  in  an  increased  yield  of 

1.  Rut  there  are  many  localities  where  the  conditions  are  not  con- 
sidered favorable  to  long-wall  working,  and  where  pillars  are  still  left. 
In  the  worst  cases,  in  exceptionally  bad  ground,  as  much  as  50  per 
rent  of  the  coal  is  often  left  behind  for  this  purpose,  only  to  be  crushed 
and  oxidized  and  rendered  unfit  for  future  recovery.     In  the  under- 

wnrkings  in  Cumberland  as  much  as  75  per  cent  is  thus  left  behind. 
Perhaps  the  most  interesting  point  brought  out  in  the  evidence  is 
that  which  concerns  thick  seams.  It  certainly  does  seem  unfortunate 
that  where  there  are  9  feet  of  good  coal  in  a  single  seam,  nearly  one- 
third  of  this  should  be  left  behind.  Yet  this  happens  in  many  of  our 
thickest  seams,  and  the  loss  threatens  to  be  still  more  serious  as  the 
depth  increases." 

50.  Mining  Conditions  on  the  Continent. — In  the  Franco-Belgian 
basin  the  beds  are  for  the  most  part  thin,  and  they  are  worked,  to 
a  considerable  extent,  at  greater  depths  than  those  reached  in  the 
United  States.  In  Westphalia  the  beds  are  mostly  steeply  dipping, 
and  in  Dpper  Silesia  there  are  combinations  of  steep  dip  with  great 
thickness  of  coal.    The  development  of  mining  methods  in  the  United 

up  to  the  present  time  has  not  been  affected  by  practice  in 
districts. 

51.  Percentage  of  Extraction  on  the  Continent. — In  France  it 
b  the  custom  to  extract  as  much  coal  as  possible  from  the  bed  and  to 
fill  the  resulting  space  with  rock  or  other  material.  The  filling  mate- 
rial is  usually  transported  to  its  destination  in  cars,  and  the  method 
of  packing  depends  largely  on  the  inclination  of  the  bed.  In  steeply 
dipping  beds  the  material  is  allowed  to  run  into  place  by  gravity,  but 
where  the  slope  is  not  sufficient  to  permit  this  method  of  packing,  it 

••<l  by  hand.    This  custom  does  not  entirely  prevent  subsidence, 

OR  extraction  of  nearly  all  the  coal  without  serious 

tori  )i  the  surface.     While  the  method  of  packing  followed 

fo  permits  the  removal  of  nearly  all  the  coal,  the  re- 

ecomplished  at  an  expense  which  would  be  regarded  as  pro- 

•i  the  United  States  in  view  of  the  narrow  margin  between 
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cost  of  production  and  selling  price  here.  The  method  of  filling  by 
flushing  is  coming  into  use  in  France,  but  has  not  yet  displaced  dr\ 
filling  in  most  of  the  mines.  Whatever  system  of  filling  is  used, 
and  whether  the  coal  is  taken  out  by  pillar  or  long-wall  method,  the 
extraction  is  nearly  complete. 

Some  of  the  most  difficult  problems  found  in  any  coal  mining  dis- 
trict have  been  encountered  in  Belgium.  There  is  no  other  count  r\ 
in  which  such  thin  scams  are  worked  and  in  which  coal  is  generally 
mined  at  such  great  depths.  At  Quaregnon  a  Beriee  of  thirty-three 
seams  is  worked,  the  average  useful  thickness  being  1  foot,  Sy2  inches, 
while  the  greatest  thickness  is  2  feet,  2  inches.  These  beds  vary  in 
dip  from  8  to  90  degrees.  The  flatter  portions  of  the  bed  are  worked 
by  Long-wall,  and  the  steeper  parts  by  inverted  steps  forming  an 
interrupted  long-wall  face.  Other  beds  of  nearly  the  same  thickness 
are  being  worked,  and  it  appears  in  all  cases  that  those  thin  beds 
arc  attacked  by  some  form  of  long-wall  working  in  which,  of  course, 
the  extraction  is  practically  complete.*  The  discussion  of  these 
districts  is  much  briefer  than  their  importance  as  coal  mining  dis- 
tricts would  warrant  were  it  not  for  the  fact  that  the  methods  used 
would  not  in  general  be  adaptable  to  physical  and  commercial  condi- 
tions in  this  country.  They  furnish  interesting  illustrations  of  high 
percentages  Of  extraction  under  difficult  conditions,  but  can  hardly  he 
regarded  as  indicative  of  what  it  would  be  possible  to  do  in  the 
I'nited  States. 

In  the  Westphalian  district  in  Germany  large  amounts  of  coal 
have  been  lost,  not  so  much  as  the  result  of  poor  mining  methods  or 
lack  of  attention  to  completeness  of  extraction  as  because  of  the  neces 
sity  of  preventing  subsidence  of  the  surface.  This  region  is  one  of 
great  industrial  activity,  and  surface  values  have  BO  increased  within 
the  last  half  century  that  high  extraction  without  filling  has  become 
impossible.  At  first,  hand  filling  was  employed,  the  material  used 
being  the  waste  produced  in  the  large  amount  of  rock  excavation  QeCCfl 

gary  in  beds  Lying  at  various  angles  combined  w  it h  slack  from  collieries 
where  coke  was  not  made.  More  recently  the  method  of  hydraulic 
filling  has  been  introduced.  Where  the  packing  is  well  done  and  the 
mining  conditions  are  favorable,  the  loss  of  coal  ifl  possibly  not  more 
than  five   p»'r  cent,   which    may   be   considered   B    fair  estimate  of   the 


'   Oitfeht   of   the    Kvidence   given    before    the    Royal    Commission    on    Coal    Supplies,    Vol.    I 
pp.   41.    76.    393.    1 
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loss  even  where  the  long-wall  method  is  followed.  There  is,  however, 
a  greater  loss  in  some  of  the  thicker  steeply  dipping  beds,  though  it 
has  not  been  possible  to  obtain  estimates  of  the  amount. 

The  Upper  Silesian  coal  field,*  situated  in  the  southeast  corner  of 
Prussia  and  extending  into  Austria  and  into  Russian  Poland,  has  an 
area  of  2,160  square  miles.  The  character  of  the  seam  varies  consid- 
erably both  in  composition  and  in  thickness,  and  thick  seams  occur 
only  in  the  northern  portion  of  the  field  where  they  are  very  numerous 
and  many  of  which  are  of  great  thickness. 

In  this  coal  field,  the  problem  of  removing  coal  beds  of  great  aggre- 
gate and  individual  thicknesses  without  serious  disturbance  of  the 
surface  has  been  met  by  the  development  of  sand  flushing  processes 
of  filling.  This  method  of  filling  was  borrowed  from  the  anthracite 
district  of  the  United  States  where  it  had  first  been  used. 

The  mines  are  worked  with  and  without  sand  filling.  In  the  method 
without  sand  filling  much  coal  is  left  unworked  in  the  form  of  pillars 
and  as  support  under  towns  or  villages.  There  is  a  considerable  loss 
resulting  from  the  difficulty  of  extracting  coal  left  as  barriers  between 
the  working  places  and  in  the  old  workings.  There  is  also  a  consider- 
able loss  because  of  fire.  The  estimated  total  loss  under  this  method  is 
25  per  cent. 

At  present  sand  filling  is  being  used  more  or  less  extensively  in 
most  of  the  mines  in  the  thick  beds.  It  is  especially  advantageous 
where  spontaneous  combustion  is  prevalent  and  where  surface  support 
is  necessary.  With  sand  filling  when  only  a  part  of  the  coal  is  re- 
placed by  sand  it  is  estimated  that  the  loss  of  coal  is  10  to  15  per  cent ; 
with  complete  replacement  of  coal  by  sand  filling,  the  loss  is  only  from 
■}>  to  5  per  cent.  Smaller  and  cheaper  timber  is  used  in  this  case,  and 
the  greater  portion  of  this  timber  is  recovered  for  future  use.  In  four 
mines  in  Upper  Silesia  in  which  sand  filling  is  used  extensively  and 
in  sufficient  quantities  to  suit  the  conditions  of  the  mines,  the  cost  in 
the  seams  is  between  12  and  18  cents  per  ton.  The  cost  is  variable, 
however,  and  is  calculated  in  different  ways.     The  average  working 

*  per  ton  of  coal  at  the  surface  in  this  district  is  $1.51,  of  which 
37  cents  is  for  underground  labor. 

A  report  by  J.  B.  Iladestyf  shows  that  the  sand  filling  system  has 
not  yet  been  adopted  on  a  large  scale  in  the  western  part  of  Europe, 

*~jS3        /;B.c^ad42';  S^mf.01  th€  Thick  Coal  Seams  in  Upper  SUeBU'" 

l^urV.'^;d.xftriitiftate   Anthracit«   Mike    Cave    Commission    Report,"   Journal    Pa.    Legir 
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and  the  statements  on  cost  of  filling  show  that  it  would  be  impossible 
to  adopt  the  process  in  the  United  States  without  materially  increasing 
the  cost  of  production. 

It  is  unnecessary  to  go  into  the  methods  of  mining  and  the  results 
obtained  in  other  coal  producing  districts.  While  there  are  great 
coal  deposits  in  other  parts  of  the  world,  and  while  large  quantities  of 
coal  are  produced,  these  regions  have  not  been  developed  sufficiently 
to  work  out  what  may  be  called  a  settled  practice.  No  other  districts, 
moreover,  are  really  large  producers  of  coal  in  the  same  sense  as  those 
already  considered.  The  problems  to  be  considered  in  connection  with 
districts  only  partially  developed,  or  districts  which  though  well  devel- 
oped supply  only  a  limited  market,  are  different  from  those  in  this 
country,  and  the  results  in  such  districts  are  no  indication  of  what 
can  be  accomplished  here. 
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ts     36,    114  ;   liability   to.   78. 
Affelder.   W.    L.,    7 

una.      122—125;      Birmingham     district, 

124:    coal   losses   in,    124;    extraction 

in.    123,    l-i    125;   Jefferson  County,   123; 

long-wall  method   used   in.   124;   Mary   Lee 

seam.    123;     Montavallo    Mine,    124,    125; 

pillar   drawing   in.    124;    Pratt   seam,    123, 

125;   room-and-pillar  system  used  in,  123, 

124:   triple  entry  system  used  in,    124. 

Alford.    N.    G.,    118,    119. 

Andros.  S    0.,      1     32,  36,  38,  39,  40,  41,  54, 

- 
Annabelle    Mine    iW.    Va.),    70. 
Appanoose  field    (la.),    127. 

raon,  a.  B.,  140. 
Arkansas.     128-130;     coal     losses     in,     129; 
<oal    wastes    in.    128;    extraction    in,    129; 
pillar  drawing  in,   129;  production    (1910) 
in,    13;    strrtte    (1910)    in,    13. 
Arkansas-Oklahoma  field,    129. 
Atchison    (Kan.),   130. 
Auchmuty,   H.   L.,    63. 
Barnes.    Thomas,    147.    149. 
Batoi      G.  8      68. 

:    (Pa.)i   •««   Lower  Kittanning  bed. 

-  :,  86;   Castle  Gate   (Utah), 
Fire    Creek    (W.    Va.),    104;    Free- 
port    (W.  Va.),  99;   Hocking  Valley    (O.), 
116;     Kittanning     (W.    Va.),    99;    Lower 
Freeporl       0.),     117,     (Pa.),    89;     Lower 
Kittanning   'Pa.;,  83,  86,    (W.  Va.),   101; 
••      Kittanning      (<).).      116;      Miller 
36;     No.    1    and    No.    2    beds 
'II..    111.),    33-34;    No.    2    (Dis- 
Diatricta  IV.  and 
«.  6    (111.),   15,  40,  46, 
116        Pittsburgh      (Pa.),     61. 
-     101-102;   Pocahontas  No.  3 
tW.  i      105,     108,     109;     Poca- 

SeweU   |  \V.  Va.),  104. 
uaed     in,      157; 

120 

I2fi 

l  13 

[28     124. 


Black  rash.    104. 

Bliss,   J.  W.f    133. 

Block  long-wall    system,    86,    87. 

Block  room-and-pillar   system,    37. 

Block  system,   44. 

Block  system    of    retreating    long-wall,    114- 

115. 
Bord-and-pillar  method,    143,    144,    146. 
Bord-and-wall  method,    144. 
Bordway,    143. 
Boulton,   W.    S.,    144. 
Bounces,   136. 
Brackett,   G.    S.,   97,    99. 
Braxton   County    (W.  Va.),    101. 
Brazil    district    (Ind.),    125. 
Buddie,    John,    145,    147. 
Buddie,  John,  Jr.,   149. 
Bulman,   H.   F.,   143,   145. 
Burroughs,    W.    G.,    116,    117. 
Bush,   B.  F.,   13. 
Butler,   J.   E.,    121. 
Cabell,    C.   A.,    103,    114. 
Cabin    Creek    (Kanawha    district,    W.    Va.), 

104. 
Cady,   G.  H.,   41,   43. 
Cambria   County    (Pa.),    83. 
Cambridge  field    (O.),    116. 
Carbon  Coal  Company    (W.  Va.),   86. 
Carbon  County    (Utah),  134. 
Canyon  district    (Colo.),   134,   151. 
Carterville     (111.),    40. 
Castle  Gate  bed   (Utah),  134. 
Cement  seam    (Pa.),   88. 
Claghorn,  C.  R.,   86. 
Clay    County    (Ky.),    119. 
Clearfield    County    (Pa.),    89. 
Coal,    abandonment   of,    10,    21-22,    54,    129; 

cost  of,   14,  15,  36,   74;   cost  of  production 

of,   13;  demands  for,  53;  pillar,  9,  34,  66, 

67,    101,    102;    room,    9,    101,    102;    value 

of,    9,    14. 
Coal  beds,   see   Beds. 
Goal    extraction,    see   Extraction. 
Coal   losses,  8,   10,  16-17,  20,  32,  36,  42-43, 

65,     77,     109-111,     119,     124,     127,     129^ 

130,    146,    151-152,    154-156,    157,    158; 

conditions   causing,    15-16. 
Coal    mining    industry,    development    of,    12; 

over-development  of,    12-13,  '119,    120. 
Coal    recovery,   see   Extraction. 
Coal   rights,   cost  of,    16;   price  of,    16;   value 

of,    15-16,    28. 
Coal    sen ms,   see   Seams. 
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Goal   Valley    Mining   Company    (111.),    35-36. 

Coal  Waste  Commission  (reported  in  1893), 
11. 

Coal  wastes,     34,    41,     128;    see    also    Coal, 

abondonment  of,    and   Coal   lost 
•Colliery   Guardian.    The,"    156. 

<  olorado,  133-134;  bituminous  district  of, 
133;  Canyon  district,  134,  151;  extraction 
in,  134;  lignite  district  of,  133;  long-wall 
method  used  in,  134;  pick  work  in,  133; 
pillar  drawing  in,  133,  134;  squeezes  in. 
134;  Trinidad  district,  133,  134;  Walsen- 
burg,    134. 

titration  method,  78-83  ;  extraction 
under.  83,  89;  maximum  plan  of,  80—82; 
medium  plan  of,  80  ;  minimum  plan  of, 
80. 

Connellsville  district  (Pa.),  65,  66,  75-83; 
bore  hole  records  of,  41  ;  coal  losses  in, 
77;  coke  of,  75;  concentration  method 
used  in,  78;  extraction  in,  77,  83,  89: 
H.  C.  Frick  Coke  Company,  78,  89;  in- 
tensive methods  of  production  in,  75 ;  pil- 
lar drawing  in,  77,  119;  room-and-pillar 
1  in,   78;   squeezes  in,   76—77. 

Connellsville  seam,  see  No.  8,  Pittsburgh 
seam. 

erative    Coal    Mining    Investigations,    11, 
Bl,    n    56. 
i:    ii     -•;.   121 

Creepe,     20.     77.     92,      127,     145;     see     also 

item,  61. 

Calm  filline.  cost  of,  21. 

(    imberland    field    (Eng.),    147,    156. 

Cunningham,    F.    W.,    64,    66,    68,    77. 

Cunningham,   J.    S.,    104. 

Daniel,  Joseph,   141. 

Danville    (111.),    56. 

Davy   lamp,    146. 

Dawson,  T.  \\\,  83,  89. 
DeBardeleben,  C.  F.,  125. 
Deerfeld  district  (O.),   l  Hi 

K     A.,   89. 
Delano,   Warren,  86. 
Denman,    II  .    128 

Dfl    Wo'f.    V     w      7 

Di-trirt    I  .   ::i    ;j     l  SO ,    description   of 
-'  bed  hi.  Bl  .  Boal  losses  in,  82;  extraction 

in.  B2;  La  Sail.-  tiohl.  :s i  ;  lone  wall  system 

I    in,    32;    Wilmington    H.I.I       I  1 

Distrid    if.    B2  B8;    description    of    No.    a 

seam    in.    3j  .    .\tra«t  ion    in,  anrl 

ad  fa       -  •  ■    -    iging  in, 

pillar    slabbing    in.    33;    Subsidence    in. 

nnmodifled  roonvand-pular  system  seed  in. 

Distrid   in.  Bfl   B6 ;  eoal  lossst  In 

Vaii.-y     Mining     Company,     B6   36;     coal 


wastes    in.    34;    cost    of    coal    in,    36; 
cription  of  No.    1    and   No.  2  beds  in,   33- 
34;      double-entry     room-and-pillar     s; 
used  in,  34;  extraction  in,  34;  Matherville, 
33,  36;  No.  3  mine,  36;  pillar  drawing 
34—35 ;    subsidence    in,    36. 

District  IV,  36-38;  block  r<o:n  and-pillar 
:  in,  37;  description  of  No.  5 
coal  in,  36;  extraction  in,  38;  Fulton 
County,  36;  Knox  County,  36:  L 
County,  36;  long-wall  system  used  in,  37; 
Macon  County,  36;  McLean  County,  36; 
panel  system  used  in,  37 ;  Peoria  County, 
36;  pillar  drawing  in.  38;  pillar  trou. 
in.  _  -  -emi-panel  system  used  in,  37  ; 
squeezes  in.  37;  unmodified  room-and- 
pillar    system    used    in.    37. 

District  V.,  38—39;  description  of  Bed  No.  5 

in,  38;  extraction  in.  39;  Gallatin  County. 

38;   pillar  gouging  in,   39;   room-and-pillar 

tern    used    in,    39;    Saline    County,    38; 

squeezes  in,   39. 

District  VI.,  40-53;  block  system  used  in, 
44;  Carterville,  40;  coal  losses  in,  42—43, 
coal  wastes  in,  41 ;  description  of  the 
No.  6  coal  in.  40;  Duquoin  anticline,  40; 
extraction    in.    42-48,    45,    4'  -  -49, 

50-51;  Franklin  County,  43-47;  Marion. 
40;  panel  long  wall  system  used  in,  51. 
52  ;   panel  system  used  in,    4  I  49, 

51;    Perry   County,    51;    pillar  drawing  in. 
41,     14,     15,    47,    48,    49,    50,    51;    pillar 
gouging  in.   42,   50;   pillar  slabbii  . 
!-,    50;    room-and-pillar    system    used    in, 
41  :     -  I":    squeezes    in.    40.    41.    42, 

47,  48,  49,  50;   Williamson  County,   47-51. 

Distrid     V  1 1  .    53-56;    description    of    No.    6 
bed     in,     53;     extraction    in,     54,     55,     56; 
panel  system   used  in.  50:  squeezes  in,  54- 
'■•;.    sul.sidence   in,    54-55,    56. 

Distrid    VIII.,   56-58;   descriptions  of  seam* 
6   and   7   in,   56,   57;    Danville,    56;    ex- 
tion   in,   58  pillar  draw 

Ing   not    systematic   in.    58;    pillar   gouging 
in,     .">*  ;     room  and  pillar     system     used     in, 
57;    squeezes    in.    58;    Stripping    opersl 
in,    58 :    Westville, 

I 
Oklahoma.   129;   Birmingham 

]  -  1  .    I'.ra/il    |  In. I  ).     I 
1  Hi  ;     Cmm.-llsville     |  I'a 

Dsberland    (Bng.),    147,    i 

(O).     118;     Klk    Garden     (W.     Va.),    93; 

'.      Vs.). 
98,   99;    Harlan. 1    i  K\      .    Ul       II  irtafe 

(OUi  i-i  .   B 

lag  (<)  ).  l  ll 

torn  iwna  |  w    \  %.]     | 

104      i..    Bella    fin 


INDEX 


(Kan.),  ISO;  Mahoning  (O.),  116;  Man- 
chester (Eng.),  153;  Massillon  (O.),  116: 
McAlester  (Okla.).  132;  New  River  (W. 
Va.i.  HU;  Newcastle  (Eng.),  146;  No.  8 
Ohio.    1  Kan.).    130,    151;    Pan- 

handle    (Pa.)i     75  i     Piedmont     (W.    Va.), 
Pittsburgh     (0.),     116,     117;     (Pa.), 
75;    Pocahontas    (W.    Va.).    104-111; 
Shropshire     (Eng.).     150;     similar    condi- 
tions    of     Illinois.     29;     Somerset     County 
Trinidad     (Colo.),     133, 
134;   Wilmington    ^111.),   16.   31-32. 
Charlton,  62,  64. 
Double-entry  room-and-pillar  system,  34.  122. 
Doable   entry   system.    61.    62.    136. 
Drawing  pillars,  see   Pillar  drawing. 
Duquoin    anticline    (111.).    40,    53. 
Baaton,   II.   D.,   120. 
Earenson,    II.    X..    104.    107.    108. 
Edwards,  J.  C,  69. 
Elk  Garden  district    (W.  Va.).  see   Piedmont 

district. 
Klkhorn    district    iKy.).    121. 
Klkins    i  YV.    Va.),    101. 
Elliot,   -Iain.-.    132. 

Knsland.    bell-pits    used    in,    142,    143;    bord 
and-pillar  method  used  in,   143,   144,   146; 
I.urd-and  wall    method    used    in,    144;    coal 
l    in.    146.    151-152,    154-156;    Cum- 
iK-rland   field.    147.    156;    early    mining   in, 
142;   extraction   in,    144,    146,    147,   151- 
Bebbnrn     Colliery.     148;     long-wall 
IB    used    hi.    142,    145.    150-151,    152- 
L55— 156;     Manchester    district,     153; 
miner-  o:  Newcastle  district,  146; 

-''•in     used     in,      142;      North- 
umberland.   14<i.     152;    panel    system   used 
in,    14-    1  V.<  :    pillar   system    used   in,    142; 
pillar  and  -tall    method   used   in,    152,    153; 
'all     method     used     in,     144;     re- 
rj   of  pillars   in.    145,    146,   147;   room- 
tem    used    in.    144,    149,    150; 
Commission    of.     151-156;    Shrop- 
ttire,      1 53  ;     square 
work    in    South    Staffordshire,     149-150: 
in      l  t7,     l  \* ;     itoop-and-room 
i  l     rabsii  146; 

Thick  :  |  |         Whitehaven,       145; 

Walker    Collier;.       I  17      148;    Wallsend    To] 

it      i  J'.      Wallsend    <;     ,(lt. 
in     it:;      it  i. 
i  t-     i  19;   Yorkshire,    l  54. 

■ 

conditions 

>ry    to 

ting,    io,    ii- 
17;    Increase    in, 
atton 

involving   low, 


12;  only  accurate  method  of  estimating, 
12;  percentage  of,  11,  12,  13,  15,  23,  24, 
25—27,  156;  see  also  Alabama,  Arkansas, 
Colorado,  England,  Illinois,  Indiana,  Iowa, 
Kansas,  Kentucky,  Maryland,  Michigan, 
Missouri,  Ohio,  Oklahoma,  Pennsylvania, 
Tennessee,  Texas,  Utah,  and  West  Vir- 
ginia. 

Face  airing,    148. 

Fairmont  district    (W.  Va.),   98,   99. 

Fields,    see   Districts. 

Fire   Creek    bed    (W.    Va.),    104. 

Fire  ribs,  149. 

Fisher,    C.   A.,    153. 

Four  States  Coal  Company   (W.  Va.),  70. 

France,    filling    methods    used    in,    157. 

Franco-Belgian  basin,  beds  in,   156. 

Franklin  County  (111.),  43-47;  block  system 
used  in,  44;  extraction  in,  43—45,  46—47; 
panel  system  used  in,  44,  47 ;  pillar  draw- 
ing in,  44,  45,  47;  pillar  slabbing  in,  44; 
squeezes  in,   47. 

Franklin  County  Coal  Operators'  Association 
(111.),    46. 

Freeport  bed    (W.   Va.),   99. 

Fulton  County    (HI.),   36. 

Gallatin   County    (111.),    38. 

Galloway,   R.   L.,   145,   146,   147,   148. 

Gay  Coal  and  Coke  Company    (W.  Va.),  111. 

Gay,   H.   S.,    Ill,    114. 

Gentry,   B.   S.,    133. 

Georges  Creek  region,  see  Maryland. 

Georgetown    (111.),    56. 

German  Empire,  average  value  of  coal  in, 
14. 

Germany,    mining   profits    in,    14. 

Gerrard,   J.,    153. 

Gibb,  H.  M.,  69. 

Gilmer   County    (W.   Va.),    101. 

Grady,  W.  H.,   106,   107. 

Great  Britain,  average  value  of  coal  in,  14, 
152;  mining  profits  in,  14;  similar  con- 
ditions in  United  States  as  in,  61 ;  United 
States,  a  colonial  possession  of,  60;  see 
also  England,   Scotland,  and  Wales. 

Gullachsen,    B.    C,    21,    158. 

Hadesty,    J.    B.,    158. 

Half  advancing  and  half  retreating  system, 
70. 

Haring,    J.    C,    117. 

Harland   district    (Ky.),    121. 

Qartshorne  district    (Okla.),   132. 

Hazard   district    (Ky.),    121. 

Hazel  mine    (Pa.),  69. 

H.  C.  Frick  Coke  Company  (Pa.),  78;  ex- 
traction of,    89. 

Headway,  143,  144. 

Hebburn    Colliery    (Eng.),    148. 
A.    \\\.    11,    24. 
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II II      V..    90. 

Bisyrranis  Mine  N  116 

Socking   Valley    I Middle    Kit 

tanning  bed. 
Socking   Valley  district   (O.),   116 
Bowarth,  W.  B.,  78 
Bntcheaon,  W.  «    .    L22 

Illinois,  29—59;   block  room-and-pillar  Bystem 
used    in.    :!T:    block    system    nsed    in,    44; 

rterrille,    10;  Central,   18;  coal  costi 
36:  coal  loesea  in,  86,  42-43;  Coal  Valley 
Mining  Company  .    coal    wastes   in. 

M4.   41:   conditions  sffecting  extraction   in. 

Danville,    56;    district    I.    ol 
150;    district    II.   of,      -  district    III. 

of,   33-36,  district   IV    ol  J;   district 

V.  of,    38-39;    district   VI.   of,   40-53:   dis- 
trict   VII.    of,    53-56;    district    VIII.    (if. 
district!    of  -      donWe-entry 

room-and-pillar    system     used     in.     34;     i» 
quoin    anticline.    40,    58;    extraction    in,    9, 
L9  27,     82, 

15       16-47       Li 
i  -      filling  method   in, 

_' 1  ;       Franklin       County,       43—47;       Fulton 
latin  Count] .      -     Qeorf 

town,     ."if,:      Km>\     County,     '■'•*>  .      I. a     Salic 

field.     '■',  1  :      Loiran     County.     36;     long-wall 

method   used  in,      -       "      McLean   County, 

Macon     Count]  Marion,     4": 

Matlierville.       33,       36;        panel       long-wall 
•hod    used    in.    ■">  l .    52;     panel    system 
T      'l      14      17      L9     "'I 
Pes  bo         Coal     (  ompanj       it      "  i 
Peoris    County,     16;     Perry    County,    51 
pillar  drawing  in,  35,   B8     LI,  44     i  '■     L7 
J-      L9  -  pillar    gouging   in. 

I     i_    $0    58     pillar  dabbing 
in,    18     ii     i-    50;   room-and-pillar  system 
used    in.    B9,    II,  57;   8 
semi-pane]    method    used    in, 

-    in.    LQ  41 

it.    iv    LS     "."    54    55     S6       -     State 
al    Burn 
in.     18;     stripping    operation]  sub 

sidence  in,    L0,1  3,   20,   8' 
onmodifled     room-and-pillar     system     used 
hi.  %  slue  of  coal  rights  In,   1 5    16 

■  farm  Lands  in.   L8,  28;  West 
ville.  56;  Williamson  County,    it    m     Wii 
mington   held     L6       i 
Indiana,    L25    L26     BraaH   district,    L28 
traction    In,    L26    126;    strike      L910)    in. 
l  I 

L26    i  -T  :    Appanoose   leM     L27     i  oal 
!«■-  i  reepi  In     127     i  (traction 

in.     l'JT;     lout:  wall     System     used     in.     l'JT 
room  end  pillar    system    used    in.    l'JT. 

.ia.  bean  field   I  <»       l  : 


-lame.,    w     i;       ii; 
•  lai -^.     1  L5. 

Jefferson  Count]    l  Ala.),    i  - 

Jefferson    County    |  Pa.),    69. 

Johnstown   district    |  Pa.  I     89. 
isen,   F    !■"     1JT. 

"Journey  through  the  North  of  England  a 
l  15 

Kanawha   region    (W.   Va.);   L02    L04;   Cabin 
('reek  portion  of,    L04;  extraction  in, 
L04;    No    2   Gtas   Beam,    LOS;    pillar  draw 
injr    in,     I":;;    room-and-pillar    system    used 
in,   L03. 

Kan-  L32;    Atchison,    L30;   coal  losses 

in.  1  :;<>  ;  extraction  in.  130,  1  ■'■  I  :  Le 
worth  district.  130;  long-wall  system 
in,    i  Osagi    district,    l :i".    l  ">l  :    panel 

method  unsatisfactory  in.  LSI;  room-and 
pillar  system  used  in,  L30;  squeeses  pre 
vented  in.  LSI;  stripping  operations  in, 
L30;   Topeka,   130. 

Eeely,   Josiah,    104. 

Keighley,  f    I 

Kentucky,  L18  L21;  Bell  County,  120;  Claj 
inty,  ii!';  coal  losses  in,  \\\>.  Elkhorn 
district.  L21;  extraction  in.  11-.  11!' 
L20 :  Barland  district.  L21  ;  Basard 
trict.  121  .  Mo.  0  seam,  L18,  L19  Mo.  n 
m,  L18,  11!':  No.  L2  -cam.  l  i'.» :  pillar 
drawing  in,  L21;  pillar  recovery  in,  119, 
L20;  room-and-pillar  system  need  in,  ii- 
1 20 ;    squeeses    in,  raighl    <  i 

seam,    120;    Webster   County,    L19 

Kittanning  bed    i  W,   \ 
Countg    <  111 

I. a    Belle    Iron    Work-      <>   >      1  IT 

La    Salle   field    .  111.  i.    81. 

Lamps,   Davy,    L46;  locked  safety,  ,i,;     "pen 
safet] .    ii" 

value   of,    1  9 
i     I        \->: 
Lanier,   B.   B.,    120 
l.ea\ eiiwi.rth  district      Kan        1  :w> 
Lexington    I  Mo  > .    L28 
Lincoln.   J     .1       L09,    1  1" 
Link-Bell  Companj 

U         \ "a  111 

,!i  Count)    'Hi  i. 
.:.   Count]      ^      \  I 
Long  "  ill    system,    i  -  96-88,  117 

L22,    L24     121     L28 

l  ij.    i  i  i  '.  i      I  IS    L53      i    • 

failure  of    63     111     LIS     L11 

Lou.  I  1  T         P|         89. 

Lower   Kittanning    bod      P  (W 

\  i        101. 
sleAloster  district     I 
Machines,    bn  •  bain 

breest     1  i      cutting,    i  i  *  pil 
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lars  with.  51,  66.  68-69,  71;  long-wall, 
114;  mining,  17,  46;  pick  work  replaced 
h\  rolling  stock,    116;   short-wall, 

71.    72,   73,  83,   126;   undercutting,   132. 
Mackenzie,    146. 
McLean   County    (111.).   36. 
Macon  County    (111.).   36. 
Macon   County    (Mo.),     127,     128. 
Mahoning  district   (O.),   116. 
Major.    John.    86. 
Manchester   district    (Eng.),    153. 
Marianna   mine    (Pa.),   69. 
Marion    (111).    40. 
Marshall.   J.   J..    103. 
Mary    Lee    Scam    (Ala.),    123. 
Maryland,    61,    90-98 ;    Big   Vein   seam,    90- 
•oal  losses  in,  92 ;    creeps  in,   92  ;   ex- 
traction   in,     98;     Georges    Creek    region, 
90-98;    methods   used    in,    (1850)    90-92, 
-  1-1880)      92,     93,      (1890)      92,     94, 
(1900)     92.    95.     (1904)     96,     97;     pillar 
drawing  in.  91;  room-and-pillar  retreating 
method    used     in.     98;     squeezes     in,     92; 
wasteful   early    methods   in,    90. 
Maryland   Coal  Company    (Pa.),    88. 

billon   district    (O.),    116,    117. 
Matherville    (111.),  33,  36. 
Michigan,  extraction  in,   126;   machines  used 
in.     126;     recovery     of     pillars     in,     126; 
room-and-pillar      system      used      in,      126; 
3    :  i;i  aw.    126. 
Middle    Kittanning   bed    (O.),    116. 
Middle   West,   extraction   in,   9. 
Miller   bed    (Pa.),    89;    see    also    Lower    Kit- 
tanning   bed. 
Mines.  Annabelle   (W.  Va.),70;  Hazel   (Pa.), 
Hi-.lvania    No.    23    (O.),    116;    Mari- 
anna   ('Pa.),    69;    Montavallo    (Ala.),    124, 
125;  Ko    3   (District  III.,  111.),  36;  No.  9 
(W.  -      No.    10    (W.   Va.),    108; 

!1    (W.   Va.),    108;   Pocahontas  No.  2 
(W.    V*.),    109;    Pocock   No.   4    (O.),   117. 
Mb  "      55-56;    choice    of,    9, 

15;    early.    50     61,    142;    low   cost 
'ion    of.    31;    prejudices    against 
plan    of    Pittsburgh-Buffalo   and 
ial  Companies,  69-70;  plan 
ke    and    Coal    Company, 
plan    of    Wind    Rock   Coal    Com- 
ition     of,     10;     wasteful 
B  g    Pillar,   Big   Room, 
long-wall,    Block   method    of 
tU,     Clock     room  -and-pil- 
l»r.  •  pillar,     Bord  and-wall,    Con- 

Donble     entry, 
room  and  pillar,      Half     ad- 

sali    retreating,    Long-wall, 

•  I    long  wall,    Pillar, 
tall,     Room  and 


pillar,  Semi-panel,  Single  entry,  Single 
room,  Stoop-and-room,  and  Triple  entry 
systems,    and   Maryland. 

Mining  profits,  see  Germany,  Great  Britain, 
United    States. 

Mining  systems,  see  Mining  methods. 

Missouri,  127—128 ;  Bevier,  128 ;  extraction 
in,  128 ;  Lexington,  128 ;  long-wall  system 
used  in,  128;  Macon  County,  127,  128; 
production  (1910)  in,  13;  Randolph 
County,  127,  128;  room-and-pillar  method 
used  in,  127,  128;  strike  (1910)  in,  13; 
stripping  in,   128. 

Montavallo  mine    (Ala.),    124,    125. 

Moore,   H.   G.,    89. 

Moore,   M.   G.,    88. 

Moorshead,   A.   J.,    13. 

Mullen,    Patrick,    78. 

Nesbitt,    C.   H.,    125. 

New  Mexico,    134. 

New   River  field    (W.   Va.),    104. 

Newcastle    district    (Eng.),    146. 

Newcomen  engine,   introduction  of,   143. 

Niggerheads,    36,    38. 

No-pillar   system,    142. 

North   Dakota,   recovery   in,    133. 

Northumberland    (Eng.),    146. 

No.     6  bed  (O.),  see  Middle  Kittanning  bed. 

No.  2  Gas  seam  (Kanawha  dist.,  W.  Va.), 
103. 

No.      8    Ohio  district,  production  in,    13. 

No.      8    Pittsburgh    seam    (Pa.),    76. 

No.      9  mine    (W.   Va.),    108. 

No.      9   seam    (Ky.),    118,    119. 

No.   10  mine    (W.   Va.),    108. 

No.   11  mine    (W.  Va.),    108. 

No.   11   seam    (Ky.),    118,    119. 

No.   12   seam    (Ky.),    119. 

Ohio,  116-118;  Cambridge  field,  116;  Deer- 
field  district,  116;  extraction  in,  116—117; 
Hisylvania  Mine  No.  23,  116;  Hocking 
Valley  bed,  116;  Hocking  Valley  district, 
116;  Jackson  field,  116;  La  Belle  Iron 
Works,  117;  long-wall  method  used  in, 
117;  Lower  Freeport  bed,  117;  Mahoning 
district,  116;  Massillon  district,  116,  117; 
Middle  Kittanning  bed,  116;  No.  6  bed, 
116;  Pittsburgh  vein  district,  116,  117; 
Pocock  No.  4  mine,  117;  room-and-pillar 
method  used  in,  117;  Steubenville,  117; 
stripping  in,   117. 

Oklahoma,      132-133;      extraction     in,      129, 
132;    Hartshorne   district,    132;    McAlester 
district,   132;   panel  long-wall  method  used 
in,    131-132;    production    (1910)    in,    13 
Rock   Island   Coal   Mining   Company,    132 
room-and-pillar      system      used      in,      132 
strike    (1910)    in,    13. 
ge  district   (Kan.),   130,   151. 
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Panel  long-wall  system,  51,  52,  86,  131, 
132. 

Panel  system,  32,  37,  41,  44.  47,  49,  51. 
56,  70,  86,  98,  136,  148-149;  failure  of. 
131 

Panhandle  district    (Pa.),   75. 

Parr,   S.   \\\,   51. 

Peabody  Coal  Company  (111),  extractions 
of.    47.    54.    58. 

Pennsylvania,  61-90;  anthracite  district  of, 
11;  Cement  seam,  88;  Clearfield  County, 
89;  extraction  in,  9;  Hazel  mine,  69; 
Jefferson  County,  89;  Johnstown  district. 
89 ;  Lower  Freeport  bed,  89 ;  Maryland 
Coal  Company,  88  ;  panel  system  used  in, 
86;  Pittsburgh-Buffalo  Company,  69;  St. 
Michael,  88;  Somerset  County,  86,  89; 
South   Fork,    89. 

Central,     83-88;     B    bed,     83,     86;    big 
pill  m    used    in,    83,    84;    Cambria 

County,  83;  Miller  bed,  83.  86;  Lower 
Kittanning  bed,  83,  86;  pillar  drawing 
in,  85;  squeezes  in,  84;  see  also  Con- 
nellsville    district    and    Pittsburgh    district. 

Peoria   County    (111),    36. 

Perry    County    (111.),    51;    extraction   in,    51; 
panel    long-wall    system    used    in,    51, 
penel   system  used  in,   51;   pillar  drawing 
in,   51. 

IM.k  work.  17  18,  » B  16,  50,  66.  68,  75. 
1""     l1  average  price  for,  74;  sub- 

stituting   more   machine   work    for.    7:!,    78. 

Piedmonl   district    (W.  Va.),   99. 

Pillar  and-stall    system,    152,    153. 

Pillar  drawing,  9,  10,  34-35,  38,  41,  42, 
il  45  IT.  48,  49.  50,  51,  62,  63,  64, 
65,     67,     68,     69,     77,     85,    98,     100,     1 

I  1<).    119,    121,    L22,    124,    129,    133. 

ft— 141;    accidents    with,    36;    unsystema- 
tic   58,    59. 
Pillar    gouging,    B2,    :17.    38.    39,    42,    50,    58, 

II  l 

Pillar    sl.,1, hum.    in,    44,    48,    50. 

Pillar   system,    61,    1  12 

Pillar-.    extraction    of    stump    and    chain. 

recover]    of.   65,    86,   68,    66,    71,    72,    78, 

1 19     120     L26,    i  15,    i  »»•     i  it 
68. 

Pittsburgh    bed    <  Pa.).    r>i  i    I W.    \ 

101     i 

Pittsburgh  BubTsJo  <  tampan]     Pi  I    I 
Pittsburgh   district    (O.),    116,    l  it  ;    (Pi 
•  >i    78;    bloehi    long-wall    system    used    ha, 

item 
•  i  in.  hi  ;  dooms  entry  system  osed  in, 

61  Ta.tioi,     m.    66,    67,    88;    half 

ad\  .-id    half   r>-tr<  ••■m    used 

in.     7<>  ;     improved     room  ami  pillar     method 

tried    in 


used    in,    86—88;    penel    long-wall    system 

used  in,  86;  pans)  system  used  in, 
Panhandle  district,  75  :  pillar  drawing  in, 
62,  63,  64,  65,  67,  68-69;  production  in, 
18;  room  and  -pillar  system  used  in,  62- 
63 ;  single  entry  system  used  in,  61  ; 
squeezes  in,  63 ;  substituting  machines  for 
pick  work  in.  73  ventilation  in  mines  of, 
61,   63,   64,   66. 

Pocahontas  Coal  and  Coke  Company  (W. 
7a.),  105-107;  extraction  in,  107; 
method    used    by,    105—106. 

Pocahontas  district  (\V.  Va),  104-111: 
characteristics  of  coal  in,  104;  coal  losses 
in,  109-111;  coke  of,  104;  extraction  in. 
109,  110;  No.  2  mine,  109;  No.  3  bed. 
104-105,  108,  109;  No  4  bed,  105;  No.  9 
mine,  108;  No.  10  mine,  108;  No.  11 
mine  108;  pillar  drawing  in,    110. 

Pocahontas   No.   2    mine    (W.    Va.),    109. 

Pocahontas  No.  3  bed  (W.  Va.).  104-105. 
108,    109. 

Pocahontas   No.   4   bed    (W.    Va.),    105. 

Pocock   No.   4   mine    (O.),    117. 
ml  stall    method,    144 

Pratt  Seam    (Ala.),   123,    12! 

Pritchard,    James,    116. 

Qnaregnon    (Belgium),    157 

Randall,    Et.    M  .    126. 

Randolph   County    (Mo.).    127,    128 

Bedmayne,    B      \     -      L48     144,   1  15,    150. 

Rice    G    8.,  7,  14,  15     18 

Richmond  basin  (Va.),  61,  pillar  system 
used   in,    61. 

Roby,  J.  J.,  l  it. 

Rock    [aland    Goal    Minim:   I  'kla.), 

182. 
Room  and  pillar    system,    B9,     I  3    63, 

T-v     l'.J       114.     1  IT.     118,     12 
126,    127,   12*  l  12,    133,    136.    I 

i  19,    i  ~>0;   objections  to   the 
treating,  67  ;  unmodified 

Royal  Commission  on  Coal  Supplies,  151- 
1  56,      1  17  :      report       (1871  1  "■  1        1 

(1905),    153,     154 

Baginaw     Mich    .    1 26 

St.    Michael     i  P|    ,      — 

Saline    County    .111   ). 

Band   filling,   81 

i 
Bchluederl  •  •  -     G     w 

ils,  Carl,    i 
Beotlaad,     145    i  16      i 
61 

Pa       18     ConneUsriiie 

a).    123;    Miller    (Pi  -  ■       N 

District     II  .     in  N 
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No.   6   and    No.   7    U>'s 
triot    VI11.    111.).    56;    No.    8    Pittsburgh 
v,      Q     (Ky.),     118,      L19; 
;i    |  Ky.),    118,    L19;    No.    L2    I  Ky.), 
:rt     (Ala.),     L23,     L25;     Straight 
120;    Thick     (S.    Stafford- 
shire),   L49 
Semi-panel    system,    37. 

;     |  W.    Ya.).    10  I 
E.    W\.    40. 

\  .    121. 
Shropshire  district    (Eng.),    I 
Silliman,   W.   A..    B 
Sing  stem,   61. 

-     _         om   system,    53.    111-113. 
Smyth,  -I.  «...   12.      - 

reel    County   district    (Pa.).    86,    89. 
-    ire    i  Eng. ) .    153. 
South   Fork     (Pa.), 

square    work    of.    149- 

Btrike    (1910)    in.    13. 
•     work.    149-150. 

_      22,     37.    39.    40.    41,    42,    47, 

;    55,     56.    58,     63,    76-77, 

100,     106,    120,    134,    147,    148; 

pillars  crushed  through.    10;   prevention  of. 

.-     59,    130.    13  1. 

il    Survey    (111.),   40,   46. 
A     A       128 

0.),     117. 
,.    H.    11       7      -      11,    23,    105. 
:n   method,    144. 
.'.     H  .    105. 

,ni    |  Ky.),    120. 

•1"..     13. 
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COMPARATIVE  TESTS   OF  SIX   SIZES   OF   ILLINOIS   COAL 
ON  A  MIKADO  LOCOMOTIVE 


L     Introduction 

1.     Preliminary  Statement. — Until  a  few  years  ago  practically  all 
of  the  coal  used  on  locomotives  was  mine-run  coal — the  entire  un- 
screened products  of  the  mines.    In  recent  years,  however,  increasing 
quantities  of  screened  lump  coal  have  been  used  in  locomotive  service. 
This  increase  in  the  consumption  of  lump  coal  has  been  due  partly  to 
economic  factors,  such  as  the  increasing  market  for  the  screenings 
which  result  from  the  production  of  lump  coal ;  and  partly  to  the  belief 
that  lump  coal,  when  burned  on  a  locomotive,  produces  enough  more 
steam  than  mine-run  coal  to  compensate  for  its  greater  cost.     Special 
considerations,  such  as  the  desire  to  lessen  the  amount  of  smoke  formed, 
have  also  led  in  some  instances  to  the  use  of  lump  coal,  which  is  gen- 
erally believed  to  require  less  skill  in  firing  than  mine-run  coal.     Be- 
cause of  the  gradual  adoption  of  mechanical  stokers  for  locomotives, 
the  railroads  are  also  using  constantly  increasing  amounts  of  various 
sizes  of  screenings  for  locomotive  fuel.    Thus  far  they  have  made  com- 
paratively little  use  of  any  except  the  sizes  mentioned,  although  traffic 
and  market  conditions  occasionally  make  it  feasible  and  desirable  to 
employ  such  sizes  as  egg,  egg-run,  and  nut  coal  on  locomotives,  pro- 
vided the  prices  are  such  as  to  warrant  their  use. 

Under  these  circumstances  railway  purchasing  departments  are 
continually  confronted  with  the  problem  of  choosing  between  mine- 
run  and  lump  coal,  and  occasionally  with  that  of  choosing  between 
these  and  other  sizes  as  well  as  between  various  aizes  of  screenings* 
For  such  a  choice,  information  regarding  the  relative  values  of  the 
various  sizes  of  coal  in  locomotive  service  is  obviously  essential;  but 
unfortunately  very  little  such  information  is  in  existence.  Nearly  all 
locomotive  laboratory  tests  have  been  made  with  mine-run  coal,  and 
what  Little  information  is  available  concerning  the  relative  values  of 
mine-run  and  lump  coal  has  been  derived  from  road  and   is 

inadequate  and  conflicting.    There  are  practically  do  data  concerning 
the  other  sizes. 

An  appreciation  of  the  situation   thus  briefly  reviewed,  and  a 
recognition  of  the  economic  importance  of  reliable  information  <>n  this 
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subject  led,  in  1914,  to  the  appointment  by  The  International  Railway 
Fuel  Association  of  a  special  Committee  on  Fuel  Tests.  This  com- 
mittee was  instructed  to  arrange  tests  in  locomotive  service  for  various 
sizes  of  coal  in  order  to  determine  their  steam-producing  capacities 
and  to  define  their  relative  values.  This  committee  held  its  first  meet- 
ing in  November,  1914,  at  the  University  of  Illinois,  and  arrangements 
then  broached  in  conference  between  the  committee  and  the  repre- 
sentatives of  the  Engineering  Experiment  Station  of  the  University 
later  resulted  in  an  agreement  for  co-operation  between  the  Fuel  Asso- 
ciation, the  University,  and  the  United  States  Bureau  of  Mines  in 
carrying  on  an  investigation  of  the  subject  under  consideration.  The 
tests  whose  results  are  here  presented  constitute  the  beginning  of  this 
investigation.  The  agreement  contemplates  the  continuation  of  the 
research  on  coals  from  various  other  fields.  Under  the  terms  of  this 
agreement  the  University  of  Illinois  has  furnished  the  facilities  of  its 
locomotive  laboratory,  the  services  of  the  staff  of  its  department  of 
railway  engineering,  and  a  portion  of  the  funds  required  for  the  tests ; 
the  Fuel  Association  has  provided  the  remainder  of  the  funds;  and 
the  Bureau  of  Mines  has  made  all  the  chemical  analyses  and  the  heat 
determinations  of  the  coal,  ash,  and  cinders.  In  perfecting  these  ar- 
rangements, the  Fuel  Association  was  represented  by  the  committee 
whose  members  are  named  in  Section  2 ;  and  the  Bureau  of  Mines,  by 
Director  Van.  H.  Manning,  and  Mr.  0.  P.  Hood,  Chief  Mechanical 
Engineer. 

The  funds  supplied  by  the  Fuel  Association  were  obtained  by 
subscription  and  did  not  become  available  until  the  Spring  of  1916 ; 
the  locomotive,  then  under  construction,  was  not  delivered  until  the 
Fall  of  that  year.  The  tests  were  begun  in  December,  1916,  and 
were  completed  in  Februarj',  1917. 

The  body  of  this  bulletin  contains  information  concerning  the 
test  program,  the  coal,  the  locomotive,  the  laboratory,  the  test  methods 
and  conditions,  and  the  results.  Appendixes  I,  II,  and  III  contain 
more  detailed  statements  regarding  the  locomotive  and  the  methods, 
and  complete  tabulated  results.  In  Appendix  IV,  there  are  presented 
certain  data  relating  to  engine  performance.  In  Appendix  V,  there 
are  the  results  of  a  few  of  the  tests  which,  in  order  to  study  the  uni- 
formity of  conditions  during  their  progress,  were  divided  into  three 
periods,  and  the  data  for  each  period  were  separately  calculated. 

The  results  of  this  investigation  have  already  been  presented  in 
a  report  to  the   International   Railway  Fuel  Association  Convention 
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held  in  Chicago  in  May,  1917;  and,  in  somewhat  different  form,  will 
appear  in  the  Proceedings  of  the  Association  for  this  year. 

2.  Acknowledgments. — The  Committee  on  Fuel  Tests  previously 
referred  to,  under  whose  direction  the  work  was  planned  and  the 
general  program  defined,  was  composed  of  the  following: 

J.  G.  Crawford,  Fuel  Engineer,  Chicago,  Burlington  & 
Quincy  Railroad,  Chairman 

H.  B.  Brown,  General  Fuel  Inspector,  Illinois  Central  Rail- 
road 

W.  P.  Hawkins,  Fuel  Agent,  Missouri  Pacific  Railway  Sys- 
tem 

0.  P.  Hood,  Chief  Mechanical  Engineer,  United  States 
Bureau  of  Mines 

L.  R.  Pyle,  Fuel  Supervisor,  Minneapolis,  St.  Paul  &  Sault 
Ste.  Marie  Railroad 

W.  L.  Robinson,  Supervisor  of  Fuel  Consumption,  Baltimore 
&  Ohio  Railroad 

E.  C.  Schmidt,  Professor  of  Railway  Engineering,  University 
of  Illinois 

The  locomotive  used  during  the  tests  was  loaned  by  the  Baltimore 
and  Ohio  Railroad  Company,  through  the  interest  and  courtesy  of 
Mr.  J.  M.  Davis,  Vice  President;  Mr.  P.  H.  Clark,  General  Superin- 
tendent of  Motive  Power;  and  Mr.  M.  K.  Barnum,  Assistant  to  the 
Vice  President.  The  tests  came  at  a  time  when  traffic  demands  were 
extraordinary,  and  the  loan  of  the  locomotive  constituted  as  great  a 
contribution  to  the  work  as  that  made  by  any  other  agency. 

The  funds  provided  by  the  International  Railway  Pud  Association 
were  donated  to  the  Association  by  the  following  railroads,  coal  com- 
panies, and  railway  supply  manufacturers: 

Atchison,  Topeka,  and  Santa  Pb  Railway 

Atlantic  Coast  Link  Railway 

baltimore  and  ohio  railroad 

Chicago  Great  Western  Railway 

Chicago,  Indianapolis,  and  Louisville  Railway 

Railroad 
Long  [bland  Railroad 

Minneapolis,  St.  Paul,  and  Sault  Ste,  Marie  Railway 
Norfolk  and  Western  Railway 
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St.  Loins  Southwestern  Railway 

Seaboard  Air  Line  Railway 

Big  Muddy  Coal  and  Iron  Company 

T.  C.  Keller  and  Company 

Old  Ben  Coal  Corporation 

W.  P.  Rend  and  Company 

Southern  Coal  and  Mining  Company 

Taylor  Coal  Company 

United  Coal  Mining  Company 

American  Arch  Company 

American  Locomotive  Company 

Franklin  Railway  Supply  Company 

Locomotive  Stoker  Company 

Locomotive  Superheater  Company 

The  Pilliod  Company 
The  Locomotive  Stoker  Company  and  the  Baltimore  and  Ohio, 
the  Chicago  and  Northwestern,  the  Erie,  and  the  Minneapolis,  St. 
Paul  &  Sault  Ste.  Marie  Railroad  Companies  each  delegated  to  the 
laboratory  a  man  to  act  as  test  observer  and  calculator  for  the  entire 
period  of  the  tests.  Mr.  L.  R.  Pyle,  Fuel  Supervisor  of  the  road 
last  named,  was  in  charge  of  the  cab  operations  and  supervised  the 
work  of  the  fireman.  The  uniformity  attained  in  the  firing  and  in 
the  conditions  of  combustion  was  due  largely  to  the  experience  and 
skill  of  Mr.  Pyle. 

The  department  of  mining  engineering  of  the  University  of  Illinois 
contributed  the  use  of  its  laboratory  facilities  for  crushing  and  sam- 
pling the  coal  and  analysing  the  flue  gas;  and  Professors  H.  H.  Stoek 
and  E.  A.  Holbrook  of  that  department  gave  advice  on  many  matters 
connected  with  the  investigation.  The  laboratory  coal  screen  used  in 
the  designed  by  Professor  Holbrook. 

II.  Purpose  and  Program 
een  stated,  the  ultimate  purpose  of  the  tests  was  to  deter- 
mine the  relative  values  of  different  sizes  of  coal  when  burned  on 
a  locomotive.  The  immediate  purpose  was  to  find  for  each  size,  at 
two  rates  of  evaporation,  the  number  of  pounds  of  water  evaporated 
per  pound  of  coal,  in  the  expectation  that  these  values  of  evaporation 
lid  provide  a  proper  basis  for  comparing  the  performance  of  the 
sizes  and  for  defining  their  relative  values.  The  tests  were  made  on  a 
Mikado  ^2-8-2)  type  locomotive. 
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Six  sizes  of  Franklin  County.  Illinois,  coal  were  Belected — mine 
run,  2-inch  by  3-inch  nut,  3-inch  by  6-inch  egg,  2-inch  lump,  2-inch 
screenings,  and  l^-inch  screenings.  The  general  test  program  in- 
volved for  each  size  of  coal  six  tests,  three  of  which  were  made  at  a 
medium  rate  of  evaporation,  and  the  remaining  three  at  a  high  rate. 
The  medium  rate  was  chosen  to  represent  an  average  rate  of  working 
the  locomotive,  in  so  far  as  it  is  possible  to  define  such  an  average. 
During  tests  run  at  this  medium  rate  about  23,000  pounds  of  water 
were  evaporated  per  hour  under  the  prevailing  conditions  of  steam 
pressure,  superheat  temperature  and  feedwater  temperature:  from 
3,100  to  4,300  pounds  of  coal  were  fired  per  hour;  and  the  engine  wafl 
worked  at  33  per  cent  cut-off  and  at  about  19  miles  per  hour,  develop- 
in  g  approximately  1,300  indicated  horse  power  and  about  22,500 
pounds  drawbar  pull.  During  tests  when  the  engine  was  worked  at 
the  high  rate  of  evaporation,  about  43,000  pounds  of  water  were  evapo- 
rated per  hour,  the  hourly  coal  consumption  varied  from  about  7,000 
to  9,300  pounds,  the  cut-off  and  speed  were  respectively  55  per  cent 
and  26  miles  per  hour,  while  the  horse  power  was  about  2,200,  and  the 
drawbar  pull  about  28,500  pounds. 

The  number  of  tests  actually  run  with  each  size  at  each  rate  of 
evaporation  was  as  follows: 


Size  or  Coal 


No.  of  Test> 
the  Medium  i  I 
of  Evaporation 


the  Bigh 

it  ion 


Run 
;'  Nut    . 
3'x6'  Egg    . 
2'  Lump 


III.    The  Coal  Used 
3.    Source  and  Mining  Methods.-    All  coal  used  during  the  I 

was   secured    from    the    1'niteil    Coal    Mining   Company's    Mine    No.    1. 

located  one  mile  east  of  Christopher,  Franklin  County,   Illinois,  on 
the  Illinois  Centra]  and  the  Chicago,  Burlington  and  Quincy  Rail- 
roads.   This  mine  was  chose,,  by  the  Fuel  Association  Commit! 
cause  western  railroads  draw  a  large  fuel  supply  from  this  field,  and 

rose  of  its  nearness  t<>  the  locomotive  laboratory. 

The  coal  is  derived  from  what  is  designated  by  the  Illinois  Qeologi- 
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cal  Survey  as  bed  No.  6  of  the  Carboniferous  Age,  Carbondale  forma- 
tion. The  bed  averages  in  thickness  at  this  mine  about  9  feet  and 
carries  almost  throughout,  at  from  18  to  30  inches  from  the  floor,  a 
"blue  band"  variable  in  thickness  and  consisting  of  ''bone,"  shaly 
coal,  or  gray  shale.  The  mine  is  worked  under  the  room-and-pillar 
system,  and  the  coal  is  undercut  with  electric  chain  machines.  It 
separates  at  a  parting  of  mother  coal  about  14  to  30  inches  from  the 
top  of  the  bed,  and  the  coal  above  this  parting  is  left  for  the  roof. 
The  coal  face  and  the  mine  itself  are  quite  uniformly  dry. 

All  the  coal  was  mined,  screened,  and  loaded  by  the  methods 
usually  employed  at  the  mine  for  supplying  the  ordinary  commercial 
product.  It  was  inspected  during  the  process  of  loading  by  one  of  the 
regular  fuel  inspectors  of  the  Chicago,  Burlington  and  Quincy  Rail- 
road, who  at  the  time  of  inspection  took  at  the  tipple  samples  for 
analysis,  the  results  of  which  were  later  used  to  compare  the  moisture 
in  the  coal  when  loaded  with  its  moisture  content  when  used  at  the 
laboratory. 

While  it  was  originally  planned  to  ship  all  test  coal  in  box  cars  to 
protect  it  from  the  weather  during  transit  and  before  it  could  be  un- 
loaded at  the  laboratory,  only  two  cars  of  mine-run  coal  were  so 
shipped.  Under  the  prevailing  conditions  of  business  and  car  sup- 
ply, the  plan  proved  impracticable  and  had  to  be  abandoned,  and  all 
coal  except  these  two  car  loads  was  shipped  in  ordinary  flat-bottomed 
gondola  cars.  As  promptly  as  possible  after  its  receipt  at  the  labora- 
tory— on  the  average  6  days,  and  in  no  instance  more  than  12  days 
after  its  arrival — the  coal  was  unloaded  into  covered  bins  where  it 
remained  protected  from  the  weather  until  used.  The  cars  were  un- 
loaded by  hand  shoveling  about  as  they  would  have  been  at  some  of 
the  older  types  of  railway  coal  pockets,  and  the  coal  was  probably  sub- 
jected to  about  the  same  amount  of  breakage  in  this  process.  The 
maximum  time  which  elapsed  between  loading  the  coal  at  the  mine 
and  testing  it  was  37  days  in  one  instance.  Taking  the  tests  as  a  whole 
the  average  time  between  loading  and  testing  was  about  25  days. 

4.  Preparation. — At  the  mine  all  coal  was  dumped  from  the  mine 
cars  into  a  hopper  from  which  it  was  run  out  on  a  stationary  deadplate 
where  it  spread  out  before  reaching  the  shaking  screens.  The  various 
e  prepared  as  follows: 

The  mine  ran  coal  was  the  entire  unselected  product  of  the  mine. 

The  2-inch  lump  was  made  by  passing  mine  rim  coal  over  a  screen 
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having  144  square  feet  area  with  2-inch  round  openings,  and  consisted 
of  everything  going  over  this  screen. 

The  2-inch  by  3-inch  nut  consisted  of  what  passed  over  the  prev- 
iously mentioned  screen  and  through  a  screen  having  72  square  feet 
area  with  3-inch  perforations ;  and  it  was  re-screened  over  a  stationary 
screen  having  an  area  of  18  square  feet  with  slots  %-inch  wide  and 
8-inches  long,  and  a  stationary  screen  of  20  square  feet  area  with 
IVi-inch  round  perforations. 

The  3-inch  by  6-inch  egg  passed  first  over  a  screen  having  144 
square  feet  area  with  2-inch  round  perforations  and  72  square  feet 
area  with  3-inch  round  perforations,  and  then  through  a  screen  having 
32  square  feet  area  with  6-inch  round  perforations. 

The  2-inch  screenings  were  passed  through  the  screen  over  which 
the  2-inch  lump  coal  was  made,  namely,  141  square  feet  area  with 
2-inch  round  perforations. 

The  IVi-mch  screenings  were  made  at  the  re-screening  plant 
through  a  revolving  screen  having  411  square  feet  area  of  plate  with 
%-inch  round  perforations  and  188  square  feet  area  of  plate  with 
IVi-inch  perforations. 

5.  Chemical  Analyses. — During  the  progress  of  each  test,  while 
the  coal  was  being  loaded  into  the  charging  wagons  to  be  taken  to  the 
firing  platform,  samples  were  taken  for  the  purpose  of  analysis.  These 
samples  varied  in  amount  from  500  to  1000  pounds,  and  they  were 
taken  according  to  methods  prescribed  by  the  American  Society  for 
Testing  Materials  as  set  forth  in  the  year  book  of  the  society  for  1915. 
The  sampling  process  is  described  in  Appendix  II.  Under  arrange- 
ments made  with  the  United  States  Bureau  of  Mines,  all  analyses  of 
coal,  ash,  and  cinders  were  made  at  the  laboratories  of  the  bureau  in 
Pittsburgh,  where  the  samples  were  shipped  immediately  upon  the 
conclusion  of  each  test. 

The  results  of  these  analyses  are  given  for  each  tot   in  the  tables 
in  Appendix  III.    The  averages  of  the  coal  analyses  for  all  tests  made 
witli  each  grade  of  coal  are  presented  in  Table  1.     An  inspection  of 
this  table  reveals  a  rather  unusual   uniformity  among  the  var 
sizes  with  regard  to  their  composition  and  heating  value.     I  ler- 

ing  all  six  sizes,  the  ash  content  varied  from  6.06  p  t  to  1< 

pci-  cent    and  the  heating  value  per  pound   of  (\ry  coal   varied   from 

12,711  to  13,239  B.  t.  n.    The  analyse!  (or  the  two  usee  of  ■ereeni 

correspond  very  closely  in  all  respects  and  their  average  heating  value 
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Table  1 

The  Chemical  Analyses  and  Heating  Values  of  the  Coals 

(The  table  gives  the  averages  for  all  tests  for  each  size.) 


Size  of  Coal 


Proximate  Analyses — 
Coal  as  Fired  - 


03 
> 


c 
>-. 

d 
0 


ft 


a>  t-, 
g  ft 
ft^ 

ft© 

30 


Calorific  Values 


o    ■ 

OH 

o« 


op 


o 

op 
=9*H 


Ultimate  Analyses- 
Coal  as  Fired 


O 


T3 

>> 


X 

O 


O  u 


<02  C 
I         0) 

!<£  ft 


Mine  Run 

2' x  3' Nut  .... 
3' x  6' Egg  .... 

2'  Lump 

.     3   reenings  .  . 
1  !4 '  Screenings 


8.14  34.18 
8.60  34.83 
8.82  34.57 


9.27 
9.25 
9.09 


34.46 
32.05 
32.34 


47.92 
47.70 
48.56 
47.49 
48.12 
48.01 


9.76 
8.87 
8.06 
9.07 
10.59 
10.57 


0.95 
0.88 
0.94 
0.88 
0.85 
0.97 


11873 
11957 
12071 
11817 
11550 
11557 


12926 
13082 
13239 
13023 
12727 
12711 


14463 
14487 
14523 
14469 
14408 
14385 


66.63 
67.50 
68.19 
66.34 
65.74 
65.49 


4.28 
4.36 
4.50 
4.23 
4.43 
4.35 


1.55 
1.38 
1.51 
1.49 
1.48 
1.43 


8.69 
8.42 
7.99 
8.73 
7.66 
8.10 


7.82 
8.48 


9.07 


based  on  dry  coal,  was  only  about  two  per  cent  less  than  the  average 
heating  value  of  the  four  large  sizes.  Their  average  ash  content 
was  10.58  per  cent,  and  the  average  ash  for  the  other  sizes  was 
8.94  per  cent — a  difference  of  1.64  per  cent.  As  would  be  expected, 
the  mine  run  occupies  an  intermediate  position  between  the  screen- 
ings and  the  egg,  nut  and  lump,  both  with  regard  to  ash  content 
and  to  heating  value.  The  uniformity  of  the  analyses  and  of  the 
heating  values  makes  it  clear  that  such  differences  in  performance 
as  developed  between  the  various  sizes  are  due  chiefly  to  differences 
in  their  mechanical  make-up,  and  only  in  small  measure  to  differences 
in  their  chemical  composition.  This  fact  is  further  emphasized  by 
discussion  which  appears  later  in  the  report. 

Tki  Make-up  of  the  Coals  as  Received. — Because  of  differences 
in  the  nature  of  the  coal,  in  mining  methods,  and  in  methods  of  prep- 
aration, there  is  frequently  much  uncertainty  about  the  meaning 
of  such  terms  as  "  mine  run,"  "  lump,"  etc.  The  mine  run  grade 
from  a  district  where  the  coal  is  soft  and  friable,  for  example,  is 
likely  to  contain  a  larger  proportion  of  fine  coal  than  mine  run  made 
from  a  harder  coal.  Similarly  the  methods  of  mining,  the  use  of  bar 
I  of  plate  s,  or  square-hole  instead  of  round-hole  screens, 

all  entail  differences  in  the  make-up  of  coals  which  are  designated  by 
identical  names.  For  these  reasons  the  laboratory  has  devised  a 
method  of  screening  samples  of  the  coals  used  during  tests  for  the 
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purpose  of  separating  them  into  their  size  elements  in  order  to  be 
able  to  define  and  record  the  actual  mechanical  make-up  of  the  various 
grades.*  All  the  coals  used  in  these  tests  were  thus  screened,  and 
this  screening  process  is  referred  to  in  the  report  as  the  mechanical 
analysis. 

The  samples  for  this  purpose  were  taken  while  the  cars  were  being 
unloaded,  by  methods  which  are  described  in  Appendix  II.  Three 
carloads  each  of  mine  run  and  lump,  and  two  carloads  of  each  of  the 
other  four  grades  were  received  at  the  laboratory.  For  both  the  mine 
run  and  the  lump  coals,  two  of  the  three  carloads  of  each  size  were 
sampled  for  screening.  Samples  were  taken  from  each  car  of  nut  and 
each  car  of  egg,  whereas  the  two  cars  of  2-inch  screenings  and  the  two 
cars  of  l^-inch  screenings  were  combined  for  each  size,  and  one  sam- 
ple only  was  taken  from  each.  There  was  thus  taken  for  mechanical 
analysis  a  total  of  ten  samples,  each  of  which  weighed  about  two  tons. 

These  samples  were  screened  by  means  of  the  specially  designed 
shaker  screen  shown  in  Fig.  1.  This  consists  of  two  incline. I  steel 
frames  each  of  which  is  supported  by  four  vertical  wooden  Blab 
springs.  These  frames  are  shaken  by  connecting  rods  attached  to 
the  pulley-driven  eccentrics  which  appear  at  the  right  of  the  figure, 
and  which  were  run  at  a  speed  of  80  revolutions  per  minute.  The 
frames  carry  removable  plate  screens  provided  with  round  perfor- 
ations. Five  such  screens  were  used  perforated  respectively  with 
4-inch,   2-inch,   1-inch,   %-inch,   and   14-inch   holi 

Starting  with  the  4-inch  screen  in  the  upper  and  the  2-ind 
in  the  lower  frame,  one  of  the  samples — mine  run,  for  example — 
was  fed  over  the  upper  frame  and  the  coal  was  separated  in  t! 
parts;  one  containing  what  passed  over  the  4-inch  screen,  the  other 
what  passed  through  the  4-inch  screen  and  over  the  2-inch  screen,  and 
the  screenings  which  passed  through  the  2-inch  screen.  The  first  two 
portions  were  then  set  aside  for  weighing,  the  screens  were  replaced  by 
the  plates  with  1-inch  and  ^-inch  holes,  the  screenings  were  again 

fed  onto  the  upper  plate  and  the  pr s^  repeated,  ending  finally  with 

the  Vj-inch  screen.     In  this  way  the  sample  was  divided  into  six  parti 

whose  size  limits  vrere  as  designated  by  the  headings  of  Columns  2 
to  7  in  Table  2.  These  parts  were  then  weighed  and  the  ratios  of  their 
weights  to  that  of  the  original  sample  were  calculated. 


•  nally    used    throughout     this    bulletin     inst«-a<l  ! 

"tin  -ix   sizes   •  >t    imply   any   dirt 

quality  <>r  kiml. 
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Table  2  presents  the  average  values  of  these  ratios  and  it  defines, 
therefore,  for  each  grade  the  magnitude  of  the  size  elements  which 
went  to  make  up  the  original  coal  and  thus  records  definitely  its  com- 
position.    The  significance  of  Table  2  is  perhaps  made  clearer  by 


Table  2 

The  Size  Elements  of  the  Coals  as  Received  at  the  Laboratory 

(This  table  gives  the  direct  results  of  the  separation  made  by  the  use  of  the 

laboratory  screens) 


Size  of  Coal 

Per 

Cent 

over 

4' 

Screen 

Per  Cent 
through 
4'  over 

2*  Screen 

Per  Cent 
through 
2"  over 

1*  Screen 

Per  Cent 
through 
1*  over 

H*  Screen 

Per  Cent 
through 
H*  over 

\i*  Screen 

Per  Cent 

through 

}/i  'Screen 

Total 

1 

2 

3 

4 

5 

6 

7 

8 

2'x3'  Nut 

3' x  6' Egg 

2'  Lump 

iyi'  Screenings  . . . 

29.6 

4i!6 

61.6 

22.31 
63.9 
48.3 
26.4 

16.81 

30.3 

5.3 

7.5 

33.2 

4.5 

11.4 

2.8 

2.0 

1.9 

25.7 

37.9 

7.4 

1.1 

1.1 

.9 

14.2 

20.0 

12.5 

1.9 

2.3 

1.7 

26.9 

37.6 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 

1  Derived  from  plotted  curves  (Fig.  9). 

Figs  3  to  8  inclusive.  Each  of  these  illustrations  applies  to  one  of  the 
sizes  and  each  figure  is  reproduced  from  a  photograph  of  the  various 
size  elements  which  came  from  the  screen  and  which,  after  weighing, 
were  assembled  side  by  side  as  shown  in  the  cuts.  These  figures  pre- 
sent graphically  the  same  information  as  is  given  in  Table  2.  Fig.  2 
is  reproduced  from  photographs  of  the  original  coal  samples  and  repre- 
sents the  six  sizes  as  they  were  received  at  the  laboratory. 

The  facts  presented  in  Table  2  may  be  re-combined  to  permit  tab- 
ular and  graphical  definitions  of  the  grades  in  another  form.  Con- 
sidering in  Table  2  the  2-inch  by  3-inch  nut  coal,  if  we  add  Columns 
4  to  7  we  find  that  36.1  per  cent  of  this  coal  passes  through  a  2-inch 
screen.  Adding  Columns  5,  6,  and  7  we  find  that  5.8  per  cent  will 
pass  through  a  1-inch  screen,  etc.  Obviously  also  100  per  cent  of  this 
grade  passed  a  3-inch  screen  in  the  original  preparation  at  the  mine. 
The  total  per  cents  passing  the  various  sized  screens  determined  in 
this  manner  from  Table  2  are  assembled  in  Table  3,  where  we  find 
that  for  the  2-inch  by  3-inch  nut  coal,  31.1  per  cent,  5.8  per  cent, 
3.0  per  cent,  and  1.9  per  cent  passed  respectively  2-inch,  1-inch, 
%-inch,  and  1,4-inch  screens.  If  now  we  plot  as  in  Fig.  9  the  per- 
centages given  in  Table  3,  together  with  the  corresponding  screen 
size,  we  get  for  the  nut  coal  curve  No.  3  there  drawn,  which  serves  to 
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define  its  composition  and  which  permits  us  to  determine  not  only  the 
percentages  which  successively  pass  through  the  screen  openings 
marked  in  Fig.  9,  but  presumably  to  determine  these  percentages  for 
screens  of  any  intermediate  size.  The  six  curves  drawn  in  Fig.  9  are 
plotted  from  the  percentage  values  and  the  screen  sizes  given  in 
Table  3  for  each  of  the  grades.  Those  portions  of  the  curves  drawn 
with  broken  lines  are  not  supported  by  direct  experimental  data.  The 
scale  shown  in  the  upper  part  of  the  diagram  represents  the  screen  sizes 
which  are  commonly  used  in  the  mines  of  southern  Illinois. 


Table  3 

The  Make-Up  of  the  Coals  as  Received  at  the  Laboratory 
(This  table  presents  the  results  computed  from  Table  2) 


Per  Cent 

Per  Cent 

Per  Cent 

Per  Cent 

Per  Cent 

Per  Cent 

Size  of  Coal 

over  4' 

through  4' 

through  2' 

through  1' 

through  Yt," 

through  yi' 

Screen 

Screen 

Screen 

Screen 

Screen 

Screen 

1 

2 

3 

4 

5 

6 

7 

29.6 

70.4 

48.1 

31.3 

19.9 

12.5 

2'x3'  Nut 

36.1 

5.8 

3.0 

1.9 

3'  x  6'  Egg 

41.0 

59.0 

10.7 

5.4 

3.4 

2.3 

61.6 

38.4 

12.0 

4.5 

2.6 

1.7 

2"  Screenings  . . . 

66.8 

41.1 

26.9 

iyi'  Screenings  . 

.... 

95.5 

57.6 

37.6 

If  in  Fig.  9,  we  follow  curve  No.  5  pertaining  to  the  mine  run, 
we  find  that  about  90  per  cent  of  it  will  pass  through  a  screen  with 
9-inch  round  holes ;  about  87  per  cent  of  it  will  pass  through  a  7-inch 
screen;  about  70  per  cent  through  a  4-inch  screen;  48  per  cent  through 
a  2-inch  screen,  and  so  on.  It  is  interesting  to  note  that  the  2-inch  by 
3-inch  nut,  the  3-inch  by  G-inch  egg,  and  the  2-inch  lump  contain 
nearly  the  same  proportions  of  coal  which  passes  through  holes  1-inch 
or  less  in  diameter;  whereas  in  these  sizes  the  proportions  of  coat 
coal  differ  materially.  Other  comparisons  are  rendered  feasible  by 
having  all  six  sizes  thus  represented  on  one  diagram.  It  should  be 
borne  in  mind  that  the  curves  in  Pig.  9  define  the  make-up  of  coals  in 
the  condition  in  which  they  were  unloaded  from  the  cars  at  the 
laboratory. 

7.     The  Make-up  of  the  Coals  at  Fired.     All  gradi  ept  the 

mine  run  and  lump  were  unloaded  into  the  charging  wagons  from 
the  bins  without  further  preparation,  and  they  were  consequently 
fired  in  exactly  the  condition  in  which  they  arrived  at  the  laboratory, 
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except  for  the  breakage  incident  to  unloading  and  the  insignificant 
breakage  due  to  shoveling  into  the  charging  wagons. 

Since,  however,  the  mine  run  and  the  lump  coals  contained  as 
usual  a  considerable  proportion  of  lumps  too  large  for  proper  firing, 
the  attempt  was  made  to  break  these  two  sizes  down  to  the  extent 
to  which,  in  the  judgment  of  those  in  charge  of  the  tests,  these  grades 
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Fig.  9.    The  Make-up  of  the  Coals  in  the  Condition  in  Which 
They  Were  Received 


are  generally  broken  down  at  the  coal  chute.  These  two  coals  as 
fired  contain,  therefore,  a  smaller  proportion  of  large  lumps  than  when 
they  were  received  and  the  extent  to  which  this  extra  preparation 
modified  the  make-up  of  the  coals  is  defined  in  the  table,  the  figures, 
and  the  discussion  which  follow. 

After  the  mechanical  analysis  samples  taken  to  represent  the  mine 

run  and  lump  coals  as  received  at  the  laboratory  had  been  screened 

:  separated  as  described  in  the  preceding  section,  the  large  lumps  in 

h  sample  were  broken  down  to  the  same  extent  as  these  sizes  were 

broken   before   firing,   and  under  the  supervision  of  the  same  test 

opei  who  controlled  this  process  during  the  progress  of  the  tests. 
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These  reduced  samples  for  mine  run  and  lump  coal  were  accepted  as 
representing  these  two  grades  in  the  condition  in  which  they  were  fired, 
and  they  were  subjected  to  the  same  screening  process  as  has  been 
previously  described.  The  results  of  this  mechanical  analysis  are  pre- 
sented for  these  two  coals  "as  fired"  in  Table  4,  and  the  size  per- 
centages of  these  grades  in  the  condition  in  which  they  were  received 
are  also  embodied  for  comparison's  sake  in  the  same  table. 
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Fig.  10.     Tiik  Makk-up  of  the  Mini  Bum  and  tiik  Lump  Oo 

Kkckiyki)  and  as  Fired 


The  values  in  Table  4  are  plotted  in  Fig.  10,  in  which  curve  Xo.  5 
applies  to  mine  run  coal  as  received  and  No.  7  to  the  Bame  e  as 

fired;  while  curves  G  and  8  apply  to  the  2-inch  lump  eoal  in  the  con- 
ditions as  received  and  as  fired,  respectively.  The  extent  to  which 
these  two  BUS6S  were  broken  down  is  revealed  by  an  inspection  of 
Table  4  and  Pig.  10.  Considering  the  curves  in  the  figure,  it  is  ap- 
parent that  the  Largest  lumps  in  tic  mine  run  were  somewhat  farther 
broken  down  than  those  in  the  '2-inch  Lump.  Alter  reduction  all 
mine  run  paimofl  through  I  5-ineh  screen,  whereas  only  about  71  per 
cent  of  the  lump  would  pass  a  screen  of  this  BUSC. 
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Table  4 

The  Make-Up  of  the  Mine  Run  and  the  Lump  Coal,  Both  as 
Received  and  as  Fired 


Per  Cent 

Per  Cent 

Per  Cent 

Per  Cent 

Per  Cent 

Per  Cent 

Size  or  Coal 

over  4' 

through  4* 

through  2' 

through  1* 

through  3^" 

through  J^' 

Screen 

Screen 

Screen 

Screen 

Screen 

Screen 

1 

2 

3 

4 

5 

6 

7 

Mine  Run: 

As  Received .  . 

29.6 

70.4 

48.11 

31.3 

19.9 

12.5 

13.1 

86.9 

54.31 

34.3 

22.0 

13.8 

2'  Lump: 

As  Received  .  . 

61.6 

38.4 

12.0 

4.5 

2.6 

1.7 

42.7 

57.3 

21.0 

9.0 

5.3 

2.0 

1  Derived  from  plotted  curves  (Fig.  10). 

In  order  to  permit  comparisons  of  the  mechanical  make-up  of  all 
six  sizes  as  fired,  curves  Nos.  1,  2,  3,  and  4  from  Fig.  9  (applying  to 
the  grades  which  were  fired  as  received)  and  curves  7  and  8  from  Fig. 
10  are  brought  together  in  Fig.  11,  which  consequently  shows  the 
make-up  of  all  the  grades  in  the  condition  in  which  they  were  fired 
during  the  tests. 
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The  Make-up  of  the  Coals,  in  the  Condition  in  Which 
They  Were  Fired 
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IV.     The  Locomotive 

8.  Design  and  Main  Dimensions. — The  locomotive  used  during  the 
tests  was  loaned  for  the  purpose  by  the  Baltimore  and  Ohio  Railroad 
Company.  It  was  of  the  Mikado  type  (2-8-2)  ;  its  road  number  was 
4846,  and  its  classification,  Q-7-F.  It  was  built  by  the  Baldwin  Loco- 
motive Works  during  the  summer  of  1916,  entered  service  in  Septem- 
ber, and  upon  its  arrival  at  the  laboratory,  had  run  approximately 
3400  miles.    It  arrived  at  the  laboratory  in  excellent  condition. 

The  principal  dimensions  of  the  locomotive  are  as  follows  : 

Total  weight,  in  working  orders,  lb 284,500 

Weight  on  drivers,  lb 222,000 

Cylinders  (simple),  diameter  and  stroke,  in 26x32 

Diameter  of  drivers,  in 64 

Firebox,  length  and  width,  in 120  x  84 

Firebox  volume,  cu.  ft 348.6 

Grate  area,  sq.   ft 

Heating  surface,  2*4 -inch  tubes  (fire  side),  sq.  ft -410 

Heating  surface,  5%-inch  tubes  (fire  side),  sq.  ft 973 

Heating  surface,  firebox  and  tube  sheets  (fire  side)   sq.  ft.  l'17 

Heating  surface,  total   (fire  side)   sq.  ft 3630 

Heating  surface,  superheater   (fire  side)   sq.  ft 1030 

Boiler  pressure,  lb.  per  sq.  in 190 

Tractive   effort,   lb "87 

The  boiler  was  of  the  wagon-top  type  with  radial  stays.  [\  was 
equipped  with  a  Schmidt  top-header  superheater  consisting  of  34 
elements,  a  Street  stoker,  and  a  Security  brick  arch  carried  on  four 
tubes.  The  front  end  was  self-cleaning  and  was  equipped  with  a  plain 
6-inch  nozzle-tip  without  bridge  or  split,  which  was  used  throughout 
all  tests. 

The  grates  were  of  the  box  type,  the  design  of  which  is  shown  in 
detail   in  Appendix  I.     The  total   air  opening  through  the  gn 
amounted  to  17  square  feet  or  24.4  per  cent  of  the  grate  area.    The 
area  of  the  air  inlet  to  the  ash  pan  amounted  to  8.3  square  feet  or 
49  per  cent  of  the  air  opening  through  the  gi 

The  locomotive  was  regularly  equipped  with  a  hand-operated  door 
which  was  replaced,  however,  during  the  period  of  the  tests  by  a 
Franklin  pneumatic  door  of  the  butterfly  type.    This  was  used  during 
all  tests  except  those  with  the  two  sixes  of  screenings,  which  were  fl 
by  means  of  the  street  stoker. 

The  design  of  the  locomotive  is  described  in  further  detail  in 
Appendix    i. 
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9.  Inspection. — In  order  to  ensure  uniformity  of  its  condition  as 
regards  accumulations  of  scale,  soot,  etc.,  and  to  define  these  condi- 
tions, the  locomotive,  during  its  stay  in  the  laboratory,  was  handled 
and  inspected  as  follows: 

The  boiler  water  was  changed  every  five  or  six  days  and  the  boiler 
was  washed  about  every  two  weeks.  More  frequent  washings  were 
unnecessary  because  the  laboratory  water  is  relatively  free  from  scale- 
forming  salts  and  suspended  matter.  Monthly  inspections  in  accor- 
dance with  Interstate  Commerce  Commission  regulations  were  made 
during  the  test  period  as  during  regular  service. 

During  the  progress  of  the  earlier  tests,  in  order  to  ensure  uni- 
formity in  the  condition  of  the  heating  surfaces,  all  tubes,  flues,  and 
superheater  elements  were  blown  free  from  soot  and  small  "honey- 
comb" immediately  before  each  alternate  test.  Although  there  was 
nothing  in  the  test  results  to  indicate  that  this  was  not  being  done 
often  enough,  to  remove  all  uncertainty  this  blowing  down  process 
was  gone  through  before  each  test  during  the  latter  part  of  the 
series.  The  front  end  netting  was  cleaned  of  all  cinders,  and  the 
cinders  were  removed  from  the  top  of  the  arch  at  the  same  time.  The 
arch  was  inspected  after  each  test,  and  all  defective  bricks  were  imme- 
diately replaced. 

Upon  its  arrival  at  the  laboratory,  the  interior  of  the  boiler  was 
inspected  and  was  found  to  be  free  from  all  scale  except  a  very  thin 
coating.  The  laboratory  water  itself  is  not  only  nearly  free  from 
scale-forming  materials  but  it  tends  frequently  to  soften  hard  scale 
deposited  by  other  water;  and  a  final  interior  inspection  revealed  the 

*  that  this  softening  had  occurred  in  this  instance,  and  that  the 
original  scale  had  been  considerably  disintegrated.  There  was  nothing, 
however,  in  the  change  in  the  scale  to  indicate  that  the  heat  transfer 
through  the  surfaces  had,  in  any  significant  degree,  varied  on  account 
of  seale  during  the  progress  of  the  tests.  The  facts  that  the  boiler  had 
run  only  3400  miles  before  arriving  at  the  laboratory  and  that  its 
mileage  during  the  tests  was  only  3600,  are  perhaps  in  themselves  suffi- 
cient evidence  that  there  could  have  been  no  accumulation  of  scale  nor 
change  in  its  thickness  sufficient  materially  to  affect  the  test  results. 

V.     The  Laboratory 
The  locomotive  laboratory  is  fully  described  in  Bulletin  82  of  the 
periment  Station  of  the  University  of  Illinois;  descrip- 
tions have  been   published  also  in  the  Proceedings  of  the  American 
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Railway  Master  Mechanics'  Association,  Vol.  46,  1913,  and  in  the 
Proceedings  of  the  Western  Railway  Club  for  March,  1913.  It  is 
unneccessary,  therefore,  to  include  here  any  detailed  statement  con- 
cerning its  design.  Since,  however,  the  amount  of  the  cinder  losses  in 
this  series  of  tests  serves  in  large  measure  to  account  for  the  differences 
in  performance  of  the  various  grades  of  coal,  these  losses  have  an 
especial  significance;  and  it  seems  appropriate  therefore  to  describe 
briefly  the  cinder  separator  by  means  of  which  they  were  determined. 

All  gases  and  exhaust  steam  are  discharged  across  an  open  space 
above  the  locomotive  stack  into  the  mouth  of  a  large  steel  elbow 
which  carries  them  up  and  over  to  a  horizontal  duct  running  through 
the  roof  trusses  to  the  rear  of  the  building,  terminating  at  an  exhaust 
fan.  This  elbow  and  duct  are  illustrated  in  Fig.  13.  The  gases  and 
steam  are  drawn  through  the  duct  by  the  fan  and  they  are  then 
passed  through  a  breeching  to  the  cinder  separator  itself  which  is 
located  outside  the  building  and  forms  the  base  of  a  stack  through 
which  the  gases  are  finally  discharged  to  the  air.  The  separator  and 
stack  are  shown  in  section  in  Fig.  14. 

The  cinder-laden  gases  enter  the  separator  at  B  and,  in  order  to 
leave,  they  must  pass  downward  and  around  the  sleeve  A.  This 
passage  gives  them  a  whirling  motion,  which  causes  the  cinders  by 
centrifugal  force  to  move  toward  the  outside  wall  along  which  they 
fall  to  the  hopper  below,  while  the  gases  pass  out  through  the  sleeve  to 
the  stack.  The  cinders  collecting  at  the  bottom  of  the  hopper  are 
drawn  off,  weighed,  and  analysed.  This  separator  collects  all  solid 
matter  which  issues  from  the  locomotive  stack,  except  possibly  the 
finest  dust.  The  cinders  taken  from  the  separator  during  tests  with 
mine-run  coal  have  contained  from  10  to  18  per  cent  of  material  which 
passed  a  screen  with  200  meshes  to  the  inch. 

VI.     FiRixi;    Methods 

It  is  desired  to  present  at  this  point  only  such  information  concern- 
ing the  methods  used  in  the  laboratory  as  relates  to  the  measurements 
of  coal  and  to  the  firing.  Information  about  methods  relating  to 
other  test  processes  is  given  in  Appendix  II. 

10.  Coal  Measurements,- — Before  starting  the  test,  the  engine 
was  run  at  the  desired  Load  and  Bpeed  Long  enough  beforehand  to 
permit  the  rate  of  feed  through  the  injectors  t«>  be  adjusted  t<>  the 
test  conditions,  ami  it  wa^  generally  unnecessary  t«»  change  this  • 


Fio.  14.     Cross  Section  op  the  Cinder  Collector  and  Stack. 
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during  the  progress  of  the  test.  The  tests  were  not  started  until  the 
desired  conditions  of  load,  speed,  boiler  pressure,  and  a  proper  con- 
dition of  the  fire  had  been  established.  The  coal  was  weighed  in  one- 
thousand  pound  lots  before  being  delivered  to  the  firing  platform. 
Throughout  each  medium  rate  test,  the  time  of  firing  the  last  scoopful 
of  each  ton  was  recorded,  together  with  the  levels  of  the  water  in 
the  main  feed  tank  and  in  the  boiler  gauge  glass.  During  the  high 
rate  tests,  these  facts  were  recorded  at  the  time  of  firing  the  last 
scoopful  of  each  two  tons  of  coal.  This  procedure  made  it  possible 
to  control  the  regularity  of  the  firing  process  and  it  also  makes  avail- 
able facts  which  may  be  used  to  illustrate  the  regularity  of  feed  of 
both  the  coal  and  the  water.  For  this  purpose  tests  2405  and  2416, 
fairly  characteristic  of  the  series,  have  been  chosen.  During  test 
2416,  run  at  a  medium  rate  of  evaporation,  the  time  required  to  fire 
each  of  the  ten  successive  lots  of  2000  pounds,  varied  only  from  34  to 
36  minutes;  and  the  amount  of  water  fed  per  minute  during  these 
ten  intervals  varied  only  from  390  to  413  pounds.  During  test  2405, 
which  was  run  at  a  high  rate  of  evaporation,  the  times  required  to 
burn  each  of  the  five  successive  lots  of  4000  pounds  of  coal  were 
respectively  36,  33,  31,  32  and  31  minutes;  and  the  water  fed  per 
minute  during  these  intervals  varied  only  from  693  pounds  to  709 
pounds. 

11.     Firintj   Methods. — The   locomotive    was  i    throughout    all 

testa  by  Mr.  C.  Welker,  a  skilled  fireman,  who  was  detailed  by  the 
Illinois    Central    liailroad    from    its    regular    force.     Previous    to    the 

a  he  had  had  about  seven  and  one-hall"  years'  ex]  ■■•  firing  in 

service,  and  he  had  also  had  about  a  half  year's  experience  as  fireman 
in  the  laboratory.  The  supervision  of  the  fireman,  the  control  of  the 
injectors,  and  other  cab  operations  were,  during  all  except  the  last 
tin-  .  in  charge  of  Mr.  L.  R.  Pyle,  Fuel  Supervisor  of  the  Biin- 

St.  Paul  and  Sault  ste.  Mane  Railroad,  and  member  of  the 

Fuel    Test    Committee.      During  the   last   three  Mr.    Pyle's   p 

was  taken  by  Mr.  B.  F.  Crolley,  Supervisor  of  Locomotive  Operation 
of  the  Baltimore  and  Ohio  liailroad.    During  the  tests  of  the  hn 
of  screenings,  which  were  fired  by  the  stoker,  the  firing  was  sin 
d  by  Mr.  B.  Prouty,  Mechanical  Expert  of  the  Locomotive  81 

I        ipany. 

All  hand-tired  testfl  were  tired  by  the  "'thiv  .."  thai 

three  Bcoopfuls  «>t"  coal  were  fired  at  a  time,  both  during  the  medium 

and  the  high  ral  .  although  during  the  hitter  it   was  neeessarv 
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to  cut  down  the  interval  between  firings.  The  fireman  was  instructed 
to  keep  these  intervals  as  regular  as  possible  and  in  this  he  was  aided 
from  time  to  time  by  stop  watch  observations.  The  degree  of  regu- 
larity attained  is  evidenced  by  the  figures  concerning  the  rate  of  coal 
consumption  which  have  already  been  cited,  and  by  the  graphical  logs 
shown  in  Appendix  III.  During  the  stoker-fired  tests,  the  same  regu- 
larity of  feed  was  sought  and  attained.  No  coal  was  fed  by  hand 
during  any  of  these  tests,  and  an  inspection  of  the  fire  at  the  end  of 
the  test  showed  in  each  case  a  uniform  layer  with  no  holes  and  no 
banks. 

The  thickness  of  the  fire  was  kept  as  nearly  uniform  as  was  prac- 
ticable, and  the  grates  were  shaken  as  little  as  possible.  The  Lump 
coal  proved  the  most  difficult  to  fire,  especially  at  the  high  rate  of  com- 
bustion; and  in  one  high  rate  test  with  this  grade  the  grates  had 
to  be  shaken  six  times.  This  was  unusual,  however,  and  during  the 
entire  series  the  grates  were  shaken,  on  the  average,  only  twice  during 
each  run.  The  approximate  thicknesses  of  the  fire  carried  are  shown 
in  Table  5. 

Table  5 
Approximate  Thicknesses  of  Fire  Carried 


Rate 

Approximate  Fire  Thickness — Inches 

Size  of  Coal 

At  the  Beginning 

Maximum 

At  the  End 

Mine  Run 

Medium 

High 
Medium 

High 
Medium 

High 
Medium 

High 
Medium 

High 
Medium 

High 

6 
6 
5 
7 
7 
9 
7 
9 
4 
6 
4 
5 

9 
12 

8 
12 
11 
12 
12 
13 

9 
12 

8 
10 

6 

2'x3'  Nut 

12 
8 

3'x6'  Egg 

12 
10 

2"  Lump 

10 
12 

reenings           

12 

7 

1]^'  Screenings    

10 
7 

9 

VII.     Test  Conditions 

Owing  to  the  fact  that  only  two  sets  of  conditions  as  to  speed  and 
cut-off  were  employed  throughout  the  tests,  other  conditions  such  as 
drafts,  temperatures,  and  pressures  were  also  in  general  quite  uni- 
form for  all  tests  at  a  given  rate.     The  degree  of  uniformity  shown 

in  a  large  measure  indicative  of  desirable  test  conditions  and  is 
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therefore  in  some  degree  significant  of  the  reliance  which  may  be 
placed  upon  the  determination  of  those  variables,  such  as  evaporative 
performance,  which  constituted  the  main  purpose  of  the  tes* 

Fig.  15  and  the  discussion  of  the  present  section  are  intended  to 
present  the  more  important  test  conditions  and  the  variation  of  these 
conditions  as  between  different  tests  and  different  groups  of  tests,  and 
as  between  the  medium  and  high  rate  tests.  Figs.  29  and  30  in 
Appendix  III  present  graphical  logs  for  +ests  2416  and  2405,  one 
a  medium  and  the  other  a  high  rate  test,  during  each  of  which  approx- 
imately ten  tons  of  coal  were  burned.  These  graphical  logs  are  repre- 
sentative of  the  degree  of  uniformity  in  test  conditions  which  existed 
throughout  individual  tests. 

Fig.  15  presents  in  graphical  form  averages  of  test  conditions  for 
all  grades  of  coal  for  both  medium  and  high  rate  tests.  The  graphs 
have  been  so  arranged  as  to  show  the  variation  in  conditions  for  dif- 
ferent grades  of  coal  at  a  given  rate,  and  also  to  show  difference  in 
conditions  between  medium  and  high  rate  tests. 

12.  Drafts. — The  two  upper  graphs  of  Fig.  15  present  averages 
for  front-end  and  firebox  draft.  The  extremes  of  front-end  draft  for 
the  medium  rate  tests  were  2.8  and  3.8  inches  of  water;  the  average 
for  all  medium  rate  tests  was  3.4  inches  of  water.  The  extremes  of 
front-end  draft  for  the  high  rate  tests  were  8.4  and  10.1  inches  of 
water  and  the  average  for  all  high  rate  tests  was  9.3  inches  of  water. 
The  averages  for  the  different  grades  of  coal  vary  but  little  from  the 
common  average  for  all  of  the  tests  at  the  corresponding  rate.  The 
mean  firebox  draft  for  all  medium  rate  tests  was  1.6  inches  of  water 
and  for  all  high  rate  tests,  4.2  inches.  The  averages  for  the  individual 
tests  and  for  the  various  grades  of  coal  do  not  vary  greatly  from  tl. 
mean  values.  The  high  rate  mine  run  tests  show  the  greatest  vari- 
ation in  front-end  draft,  The  high  rate  Screening  tests  show  a 
what  lower  average  firebox  draft  than  is  shown  \'<>v  the  other  grad 
due  probably  to  the  fact  that  although  the  rate  of  combustion  was  rela- 
tively high,  the  tires  were  comparatively  thin  and  open. 

The  data  relative  to  drafts  show  uniformity  of  conditions  1 

the  tests  of  a  group  as  well  as  between  the  different  groups  at  a  given 
rate  of  performance.  In  genera]  the  drafts  were  comparatively  low 
in  relation  to  rate  of  combustion,  indicating  satisfactory  arrangement 
of  the  draft  appliances. 
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13.  Temperatures. — Front-end  temperatures  are  shown  to  have 
been  uniform  for  the  medium  and  for  the  high  rate  tests,  both  by 
the  graphs  of  Fig.  15  and  by  the  tabulated  values.  The  average  fire- 
box temperatures  also  are  shown  to  have  been  fairly  uniform  for  the 
high  rate  tests  and  slightly  less  so  for  the  medium  rate  tests.  The 
minimum,  maximum,  and  average  values  of  firebox  temperature  for  all 
medium  rate  tests  were  respectively  1735,  2090,  and  1893  degrees  F. ; 
and  the  corresponding  values  for  the  high  rate  tests  were  2078,  2334, 
and  2228  degrees  F. 

14.  Superheat  and  Branch-pipe  Pressure. — The  variations  in, 
and  the  values  for,  averages  of  degrees  of  superheat  and  pressure  in 
branch-pipe  are  shown  graphically  in  Fig.  15.  The  minimum,  maxi- 
mum, and  average  values  of  degrees  of  superheat  for  all  medium  rate 
tests  were  respectively  187,  211,  and  198  degrees ;  and  the  correspond- 
ing values  for  the  high  rate  tests  were  207,  265,  and  243  degrees.  Con- 
siderable lack  of  uniformity  is  shown  by  the  results,  particularly  in 
view  of  the  general  uniformity  which  existed  in  other  test  conditions. 
The  branch-pipe  pressure  for  all  medium  rate  tests  averaged  179 
pounds  per  square  inch,  which  was  10  pounds  lower  than  the  average 
boiler  pressure  for  the  same  tests.  For  the  high  rate  tests  the  branch- 
pipe  pressure  averaged  166  pounds  per  square  inch — 22  pounds  lower 
than  the  corresponding  average  boiler  pressure. 

15.  Rate  of  Combustion  and  Bate  of  Evaporation. — The  two  lower 
phs  of  Fig.  15  show  the  average  rate  of  combustion  and  the  average 

rate  of  evaporation  for  the  different  sizes  of  coal.    Rate  of  combustion 
shown  in  pounds  of  coal  fired  per  square  foot  of  grate  per  hour; 
and  rate  of  evaporation,  in  pounds  of  equivalent  evaporation  per 
square  foot  of  heating  surface  per  hour.     For  the  medium  rate  tests 
the  mini  mum,  maximum,  and  average  values  for  rate  of  combustion 
actively,  45.1,  61.9,  and  51.7  pounds  of  coal  per  square  foot 
of  grate  per  hour;  while  for  the  high  rate  tests  the  corresponding 
values  were  99.1,  133.7,  and  109.6  pounds.    Since  the  rate  of  evapora- 
tion per  square  foot  of  heating  surface  per  hour  was  maintained 
approximately  constant  for  all  tests  at  a  given  rate  and  since  the  heat- 
value  of  all  sizes  of  the  coal  was  about  the  same,  it  follows  that 
3  of  combustion  should  indicate  closely  the  relative 
effic  with  which  the  coal  was  burned;  and  they  may  be  used 

of  the  relative  values  of  the  different  grades. 
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VIII.     The  Results  of  the  Tests 

All  the  data  and  the  results  of  the  tests  are  set  forth  in  detail  in  the 
tables  of  Appendix  III ;  but  for  convenience  of  reference  certain  data 
denning  the  test  conditions  and  some  of  the  results  relating  to  evapo- 
rative performance,  cinder  loss,  and  heat  distribution  have  been  assem- 
bled here  and  are  presented  in  Table  6.  In  this  table  the  data  are 
divided  into  twelve  groups;  two  groups  for  each  size  of  coal  tested. 
For  each  size  the  first  group  pertains  to  the  medium  rate  tests;  the 
second,  to  the  high  rate  tests.  Averages  for  each  group  appear  imme- 
diately below  the  data  for  the  individual  tests.  In  Table  6  the  column 
headings  and  the  code  item  numbers  are  identical  with  those  in  the 
tables  of  Appendix  III. 

16.  Actual  Evaporation  per  Pound  of  Coal. — The  number  of 
pounds  of  superheated  steam  produced  for  each  pound  of  coal  in  the 
condition  in  which  it  was  fired  appears  in  Column  33  of  Table  6 ;  and 
the  number  of  pounds  of  steam  produced  by  each  pound  of  dry  coal 
is  given  in  Column  34.  The  averages  of  these  values  for  each  size 
of  coal  are  brought  together  in  Table  7,  where  they  appear  separately 
for  the  medium  rate  and  the  high  rate  tests.  Inspection  of  Table  7 
reveals  the  fact  that  the  relative  standing  of  the  various  sizes  differs 
when  based  on  coal  as  fired  and  when  based  upon  dry  coal ;  and  that 
it  differs  also  between  the  medium  and  the  high  rate  tests.  Comparisons 
between  the  sizes,  however,  should  not  be  made  on  the  basis  of  the 
values  of  evaporation  shown  in  Table  7 ;  because  not  only  is  the  mois- 
ture content  of  the  coal  as  fired  variable;  but  during  the  tests  there 
were  slight  variations  in  feed  water  temperature,  in  boiler  pressure, 
and  in  the  degree  of  superheat,  which  make  it  impracticable  to  com- 
pare values  of  actual  evaporation  in  order  to  determine  the  relative 
standing  of  the  coals.  Further  discussion  of  Table  7  is  omitted  for 
these  reasons;  the  table  is  presented  principally  to  exhibit  the  dif- 
ferences between  evaporation  based  on  coal  as  fired  and  evaporation 

led  OD  dry  coal. 

17.  Equivalent  Evaporation  per  Pound  of  Dry  Coal. — Because  of 
the  incidental  variations  just  cited  it  became  necessary  to  find  another 

is  of  comparison.  Since  the  different  sizes  as  they  are  loaded  at 
the  mine  contain  inherently  different  amounts  of  moisture,  there  would 

ome  justice  in  trying  to  base  comparisons  on  coal  as  loaded  at  the 
mine.    The  significance  of  this  basis  is,  however,  impaired  by  the  fact 

cldom  or  never  fired  in  the  same  condition 
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Table  6 
Test  Conditions  and  Principal  Results 


1 

2 

3 

4 

5 

6             7 

8 

9 

10 

11 

12 

Dur- 

Speed 
in 

Mdles 

Cut- 

Pressure 

Temperatures 

Rate 

Test 

ation 
of 

off,       Draw- 
Per         bar 

lb.  per  sq.  in. 

Degrees  F. 

Size 

Number 

Teat 

in 

Hours 

per 
Hour 

Cent      Pull, 
of           lb. 

Stroke 

Boiler 
Gauge 

Branch 

Pipe 
Gauge 

Front- 
end 

Branch 
Pipe 

Fire- 
Box 

Code^- 
Item  *^ 

345        353 

! 

499         487 

380 

383 

367 

370 

374 

2400 

3.62 

18.9 

|  21970 

190.4 

179 

535 

573 

1735 

Medium 

2401 

a  2s 

18.9 

34.0      21727 

190.0 

172 

535 

566 

1S35 

2402 

5.20 

19.0 

33.0      21822 

190.2 

174 

539 

564 

1812 

Average   5.03 

18.9 

33.5 

21840 

190.2 

175 

536 

568 

1794 

Mine  Run 

2405 

2.72 

25.5 

54.3 

28771 

187.8 

168 

627 

628 

2271 

Hiirh 

2406 

2.68 

25.6 

53.7 

28718 

187.8 

167 

631 

631 

2334 

2429 

1.92 

25.7 

55.9      28672 

189.4 

164 

618 

2140 

Average    2.44      25  6      54.6      28720 

188  3 

166 

1 

627 

626 

2248 

2408         3.77      19.0      33.0      22490 

189.0 

178 

595 

589 

2090 

Medium 

2409         2.33      18.9      32.4      22411 

188.5 

177 

588 

582 

2034 

2410        4.33      19.0      31.5      22417 

186.2 

181 

570 

569 

2008 

2426         4.50      18.9      31.7      22640 

189.9 

182 

555 

572 

1967 

Average 

3  73      19.0      32.2      22490 

188  4 

180 

577 

578 

1025 

2'x3'  Nut 

2412 

2.67  1  25.8 

.... 

28958 

187.1 

168 

607 

629 

2293 

High 

2413         3.00      25.7 

55.7      29100 

187.1 

168 

611 

632 

2267 

2414         2.00      2.5.7      59.3      29128 

187.5 

168 

631 

634 

2174 

Average    2.56      25.7 

57 . 5      29062 

187  2 

168 

616 

632 

2245 

2415 

3.50 

18.9 

32.4 

22840 

189.9 

180 

543 

576 

1808 

Medium 

2416 

5.83 

18.9 

33.3 

23115 

189.5 

180 

540 

574 

1801 

2423 

4.00 

18.8 

32.2 

22533 

190.0 

182 

539 

571 

Average 

4.44 

18.9 

32.6 

22829 

189.8 

181 

541 

574 

1805 

3'xG'  Egg 

2420 

2  00 

25.7 

57.2 

29046 

190.1 

171 

588 

610 

2210 

High 

2422 

2.17 

25.9 

:>s  _' 

20030 

189.7 

170 

634 

590 

2278 

2424 

1.98 

25.8 

56.6 

29104 

190.1 

170 

626 

617 

2183 

Average    2  05      25.8      57.3      29060 

190  0 

170 

616 

606 

2224 

2417         4.00      18.9 

36 . 3      23026 

189.9 

180 

546 

578 

is;<s 

Medium 

2418 

5.83 

19.0 

33 . 5      23085 

190.1 

180 

545 

578 

1857 

2419 

3.67 

19.0 

32.7 

190  i) 

180 

558 

578 

1849 

Average 

4  50 

19  0 

34.2 

23031 

190  0 

180 

548 

578 

1848 

2'  Lump 

2425 

1.00 

25.7 

56.0 

28530 

190.0 

168 

618 

595 

2178 

High 

2427 

1.50 

25.8 

55.7 

27009 

183.4 

162 

578 

2428 

25  0 

55.1  )  28441 

186.8 

166 

603 

2442 

2.00      25.5 

56 . 5      i"  • 

l.ss   9 

166 

2102 

Average 

1.58      25  7 

55  8      28537 

187  3 

166 

629 

598 

2239 

2430 

2.62      19.0 

fi     2-_".  km; 

lss    6 

181 

549 

583 

2010 

Medium 

2434 

3.13       18.7      33   G      23091 

181 

541 

664 

1817 

2435 

101    l 

L82 

549 

1936 

2' Screen-    ' 

Average 

2  24      18  9      33  7      23088 

189  9 

181 

546 

582 

1921 

ings 

2436 

1.35 

25.5 

56.8 

161 

631 

634 

1078 

High 

M 

1.50 

25  7 

1      28038 

Is.,    i 

162 

684 

Average 

1   43 

25  6      56  9      28457 

187  2 

162 

633 

636 

2136 

24  31 

1.77 

19.0 

33.9      2 

184.5 

178 

551 

589 

2003 

Medium 

1    s7       19.0 

22012 

189    1 

181 

8   l<)      is  0 

22588 

187   7 

180 

If*  Screen- 

Average 

2  25      19  0 

33  7 

22611 

187   1 

180 

546 

584 

1892 

ings 

2440 

1.50 

58.2 

20081 

186.6 

684 

604 

High 

2441 

l   50 

55.6 

101   0 

(66 

Average 

1   50 

25  6 

56  9 

29227 

188  8 

166 

637 

617 

2264 

3S 
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Table  6  (Continued) 
Test  Conditions  and  Principal  Results 


1 

2 

3 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Draft, 

in.  of  Water 

De- 
grees 

Coal  as  Fired,  lb. 

Dry  Coal,  lb. 

Front- 

Per 

Per 

Test 

end 

of 

Hour 

Hour 

Size 

Rate 

Number 

Front 

Fire- 

Ash- 

Sup- 

Total 

Per 

per  Sq. 

Per 

per  Sq. 

of 

box 

pan 

er- 

Hour 

Ft.  of 

Hour 

Ft.  of 

Dia- 

heat 

Grate 

Grate 

phragm 

Surface 

Surface 

££«*- 

394 

396 

397 

409 

418 

626 

627 

2400 

2.8 

1.2 

0.2 

194 

11399 

3151 

45.1 

2895 

41.5 

Medium 

2401 

2.8 

1.5 

0.2 

190 

20000 

3183 

45.6 

2934 

42.0 

2402 

3.0 

1.6 

0.2 

187 

17000 

3269 

46.8 

3005 

43.1 

Average 

2.9 

1.4 

0.2 

190 

16133 

3201 

45.8 

2945 

42.2 

Mine  Run 

2405 

8.4 

4.2 

0.4 

254 

20000 

7361 

105.5 

6753 

96.8 

High 

2406 

8.6 

4.3 

0.4 

257 

18630 

6944 

99.5 

6377 

91.4 

2429 

10.1 

4.5 

0.4 

246 

14000 

7303 

104.6 

6690 

95.9 

Average 

9.0 

4.3 

0.4 

252 

17543 

7203 

103.2 

6607 

94.7 

2408 

3.0 

1.4 

0.2 

210 

12955 

3439 

49.3 

3146 

45.1 

Medium 

2409 

2.9 

1.3 

0.2 

204 

7808 

3347 

48.0 

3054 

43.8 

2410 

2.9 

1.4 

0.2 

189 

14731 

3400 

48.7 

3102 

44.4 

2426 

3.6 

1.8 

0.1 

192 

16310 

3624 

51.9 

3348 

48.0 

Average 

3.1 

1.5 

0.2 

199 

12951 

3453 

49.5 

3163 

45.3 

2'x3'  Nut 

2412 

9.2 

4.6 

0.5 

255 

18683 

7005 

100.4 

6382 

91.4 

High 

2413 

9.2 

4.4 

0.5 

258 

20811 

6937 

99.4 

6313 

90.4 

2414 

9.3 

4.5 

0.5 

260 

13884 

6942 

99.5 

6324 

90.6 

Average 

9.2 

4.5 

0.5 

258 

17793 

6961 

99.8 

6340 

90.8 

2415 

3.6 

1.8 

0.2 

197 

11888 

3397 

48.7 

3107 

44.5 

Medium 

2416 

3.6 

1.7 

0.2 

195 

19915 

3414 

48.9 

3101 

44.4 

2423 

3.3 

1.4 

0.2 

191 

13520 

3380 

48.4 

3079 

44.1 

Average 

3.5 

1.6 

0.2 

194 

15108 

3397 

48.7 

3096 

44.3 

3'x6'  Egg 

2420 

9.5 

4.3 

0.5 

235 

13882 

6941 

99.4 

6333 

90.7 

High 

2422 

9.2 

4.0 

0.5 

215 

14996 

6920 

99.1 

6315 

90.5 

2424 

9.3 

4.1 

0.5 

242 

14000 

7060 

101.2 

6438 

92.2 

Average 

9.3 

4.1 

0.5 

231 

14293 

6974 

99.9 

6362 

91.1 

2417 

3.6 

1.7 

0.2 

199 

13753 

3438 

49.3 

3118 

44.7 

Medium 

2418 

3.5 

1.7 

0.2 

199 

20537 

3521 

50.5 

3173 

45.5 

2419 

3.5 

1.7 

0.2 

199 

13344 

3639 

52.1 

3289 

47.1 

Average 

3  5 

1.7 

0.2 

199 

15878 

3533 

50.6 

3193 

45.8 

2'  Lump 

2425 

9.3 

4.3 

0.5 

221 

7499 

7499 

107.4 

6850 

98.1 

High 

2427 

9.3 

4.3 

0.4 

207 

11775 

7850 

112.5 

7133 

102.2 

2428 

9.4 

4.4 

0.3 

230 

14122 

7704 

110.4 

6992 

100.2 

2442 

10.0 

4.6 

0.5 

243 

15279 

7640 

109.5 

6951 

99.6 

Average 

9.5 

4.4 

0.4 

225 

12169 

7673 

110.0 

6982 

100.0 

2430 

3.8 

1.9 

0.2 

203 

10000 

3821 

54.7 

3460 

49.6 

Medium 

2434 

3.6 

0.2 

204 

11950 

3814 

54.6 

3455 

49.5 

2435 

3.7 

2.1 

0.2 

198 

3822 

3952 

56.6 

3597 

51.5 

2'  Screen- 

Average 

3.7 

2.0 

0.2 

202 

8591 

3862 

55.3 

3504 

50.2 

ings 

2436 

9.4 

3.7 

0.4 

263 

11556 

8560 

122.6 

7771 

111.3 

High 

2437 

9.2 

3.8 

0.3 

265 

13254 

8836 

126.6 

8027 

115.0 

Average 

9.3 

3.8 

0.4 

264 

12405 

8698 

124.6 

7899 

113.2 

2431 

3.5 

1.9 

0.2 

210 

7635 

4321 

61.9 

3960 

56.7 

Medium 

2432 

3.6 

1.1 

0.2 

211 

7813 

4185 

60.0 

3818 

54.7 

2433 

3.6 

1.3 

0.2 

193 

13218 

4264 

61.1 

3899 

55.9 

' 

Average 

3.6 

1.4 

0.2 

205 

9555 

4257 

61.0 

3892 

55.8 

•  '•*" 

2440 

9.5 

4.0 

0.5 

232 

14000 

9333 

133.7 

8487 

121.6 

High 

2441 

9.4 

3.7 

0.5 

256 

13750 

9167 

131.3 

8183 

117.2 

Average 

9.5 

3.9 

0.5 

244 

13875 

9250 

132.5 

8335 

119.4 
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Table  6  (Continued) 
Test  Conditions  and  Principal  Results 


1 

2 

3 

22 

23 

24 

25 

26 

27           28            29           30 

B.t. 
lb. 

\r 

Cinder  Loee 

3 

Per 
Cent 

of 
Coal 

Per 

Indi- 

Draw- 

heated 

Size 

Rate 

Test 
Number 

Dry- 
Coal 

Stack 

Per 

Per 
Cent 

Cent 
of 

cated        bar 
Horse-    Horse- 

per 

Cin- 
ders 

Hour, 
lb. 

of 
Dry 

B.t.u. 
in 

Power 

Power 

1  H  P. 

Hour, 

as 
Fired 

Coal 

Coal 
Fired 

lb. 

Code~~» 

Item**^ 

458 

462 

427 

888 

711 

743 

740 

2400 

12983 

8399 

99 

3.2 

3.4 

2.2 

1108.6  

Medium 

2401 

13012 

8563 

94 

3.0 

3.2 

2.1 

1.5 

1095.2    18.18 

2402 

12929 

8570 

102 

3.1 

3.4 

2.2 

1223.8    1104.6    is  74 

Average 

12975 

8511 

98 

3.1 

3  3 

2  2 

1224  1    1102  8    18  46 

Mine  Run 

2405 

12811 

11081 

709 

9.6 

10.5 

9.1 

2157.7    1954.4    19.63 

High 

2406 

12933 

11030 

588 

8.5 

9.2 

7.9 

2151.5    1963.8    19 

2429 

12SSS 

10921 

651 

8.9 

9.7 

8.2  I  2191.0    196.">  .2 

Average 

12877 

11011 

649 

9.0 

9  8 

8  4      2166  7    1961   1    19  56 

2408 

13118 

8023 

63 

1.8 

2.0 

1.2 

1293.6    1138.4    17.93 

Medium 

2409 

13102 

7585 

72 

2.2 

2.4 

1.4 

1286.5    1129.7    17 

2410 

13023 

8231 

72 

2.1 

2.3 

1.5      1280  9    1133.5    17  93 

2426 

129N3 

8458 

107 

3.0 

2.1      1313.7    1139.9    is  7-' 

Average 

13057 

8074 

79 

2  3 

2   5 

1.6      1293  7    1135  4    18 

2'x3"  Nut 

i 

2412 

13081 

10728 

413 

5.9 

6.5 

5.3 

1988.7  

2200.3    1993  I'    1 

High 

2413 

13176 

H)s22 

397 

5.7 

6.3 

5.2 

2414 

13090 

10634 

390 

5.6 

6.2 

5.0     2221   B    L994  9    1"  00 

Average 

13116 

10728 

400 

5  7 

6  3 

5.2      2211.1    1992  2    19   17 

2415 

13273 

7987 

78 

2.3 

2.5 

1.5  1   1313.7    1150.1    18.01 

Medium 

2416 

13122 

7990 

76 

2.2 

2.5 

1.5      1324.3    1167  6    17. 86 

2423 

13282 

8329 

70 

2.1 

2.3 

1.4      1291    1    1131  0    l^  41 

Average 

13226 

8105 

75 

2  2 

2  4 

1.5      1309  7    1149  6    18  09 

3'x6'Egg 

2420 

13198 

10771 

500 

7.2 

7.9 

6.5     2188  7    1991.6    19   - 

High 

2422 

13345 

11234 

468 

7.4 

6.2     2214   3    2001   4    19    I" 

2424 

13214 

L0584 

538 

7.6 

8.4 

6.7      2220  0 

Average 

13252 

10863 

502 

7  2 

7.9 

6  5      2207  7    1998  8    19  62 

2417 

13043 

7713 

71 

2.1 

2.3 

1.4 

1323. 2    1160  7    W 

M'-<iium 

2418 

most; 

7574 

68 

1.9 

2.1 

l   2 

1329.6    1168  6    17 

2419 

12s3«; 

7106 

85 

2.3 

2.6 

l    » 

1321  ii    1162  2    18.31 

Average 

12988 

7464 

75 

2  1 

2  3 

13 

1324  6    1163  8    17  99 

•2'  Lump 

2425 

1  [206 

10917 

545 

7.3 

8.0 

6.6 

s 

High 

2427 

12958 

loM'J 

1,02 

7.7 

8.4 

7.1 

2428 

13061 

L0829 

0  B 

7.5 

- 

2442 

12974 

10415 

7.8 

8.6 

6.9 

2 p.s  5    19S9 

Average 

13050 

10753 

566 

7  4 

8  4 

6  7      2192  5    1957  7    19  87 

2430 

12748 

9407 

315 

8.3 

9.1 

6.7 

1304.9    1160 

um 

L2782 

• 

338 

8.9 

9.8 

7.3 

1814.5    1152  2    L8 

12710 

9113 

lo  A 

7.4 

L 179.1     18 

•  en- 

Average 

12747 

9363 

342 

8  9 

9  8 

7  1 

1328  2    1164  0    18  09 

uiir* 

2436 

127t'.'.» 

Ki.il  1 

11 -'7 

13.2 

It    I 

12    1 

High 

2437 

L2625 

llnls 

1316 

i  \  g 

Average 

12697 

10815 

1222 

14  1 

16  5 

13  2 

2184  9    1943  0 

19  60 

2431 

12929 

13.4 

14.6 

11.9 

1329'.'    11 

Median 

12650 

KM. ".7 

551 

13  2 

It    i 

11    -, 

1     1  If.  1 

12793 

10784 

Ml 

10  8 

11    8 

in  ii      1  tit)  2    11  tl   I"    18.71 

Average 

12791 

10482 

630 

12  5 

13  6 

11  2      1327  7    1145  3    18  42 

nik'^ 

2440 

10870 

L61S 

17  B 

2441 

12492 

l  157 

17   B 

16  0      2231    0    . 

Average 

12592 

11037 

1485 

16   1 

17  8 

15  7      2223  6    1992  0 

19  39 
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Table  6  (Concluded) 
Test  Conditions  and  Principal  Results 


1 

2 

3 

31 

32 

33 

34 

35 

36 

37 

38 

39 

Superheated  Steam,  lb. 

Equivalent  Evap- 
oration, lb. 

B.t.u. 

Ab- 
sorbed 

by 
Boiler 

per 

Pound 

of 

Dry 

Coal 

Per 

Per 

Boiler 

Sjze 

Rate 

Test 
Number 

Per 

Sq.Ft. 

of 
Heat- 

Per 

Pound 
of 

Per 

Pound 

of 

Dry 

Coal 

Per 

Sq.  Ft. 
Heat- 
ing 

Per 

Pound 

of 

Dry 

Coal 

Effi- 
ciency 
Per 

Hour 

ing 
Sur- 
face 
per 

Coal 

as 
Fired 

Hour 

Sur- 
face 
per 
Hour 

Cent 

Hour 

Code  .^5= 
Item^ 

645 

648 

658 

666 

2400 

22566 

4.84 

7.16 

7.79 

29764 

6.39 

10.28 

9989 

76.89 

Medium 

2401 

22328 

4.79 

7.01 

7.61 

29451 

6.32 

10.04 

9756 

74.95 

2402 

22970 

4.93 

7.02 

7.64 

30183 

6.48 

10.04 

9756 

75.46 

Average 

22621 

4.85 

7.06 

7.68 

29799 

6.40 

10.12 

9834 

75.77 

Mine  Run 

2405 

42176 

9.05 

5.73 

6.24 

57022 

12.24 

8.44 

8201 

64.08 

High 

2406 

41946 

9.00 

6.04 

6.58 

56795 

12.19 

8.91 

8658 

66.93 

2429 

42854 

9.20 

5.87 

6.41 

57767 

12.40 

8.64 

8395 

65.10 

Average 

42325 

9.08 

5.88 

6.41 

57195 

12.28 

8.66 

8418 

65.37 

2408 

23327 

5.00 

6.78 

7.42 

31048 

6.66 

9.87 

9591 

73.11 

Medium 

2409 

23254 

4.99 

6.95 

7.61 

30881 

6.63 

10.11 

9824 

75.02 

2410 

23059 

4.95 

6.78 

7.43 

30461 

6.54 

9.82 

9542 

73.05 

2426 

24808 

5.33 

6.85 

7.41 

32796 

7.04 

9.80 

9523 

73.33 

Average 

23612 

5.07 

6.84 

7-.  47 

31297 

6.72 

9.90 

9620 

73 .  63 

2'x3'  Nut 

2412 

42964 

9.22 

6.13 

6.73 

58130 

12.47 

9.11 

8852 

67.67 

High 

2413 

42720 

9.17 

6.16 

6.77 

57929 

12.43 

9.18 

8920 

67.67 

2414 

42209 

9.06 

6.08 

6.67 

57236 

12.28 

9.05 

8794 

67.15 

Average 

42631 

9.15 

6.12 

6.72 

57765 

12.39 

9.11 

8855 

67.50 

2415 

23944 

5.14 

7.05 

7.71 

31678 

6.80 

10.20 

9911 

74.66 

Medium 

2416 

23788 

5.11 

6.97 

7.67 

31448 

6.75 

10.14 

9853 

75.09 

2423 

23970 

5.14 

7.09 

7.78 

31665 

6.79 

10.28 

9989 

75.25 

Average 

23901 

5.13 

7.04 

7.72 

31597 

6.78 

10.21 

9918 

75.00 

3'x6'  Egg 

2420 

43219 

9.28 

6.22 

6.82 

58043 

12.46 

9.16 

8901 

67.46 

High 

2422 

42881 

9.20 

6.20 

6.79 

57160 

12.27 

9.05 

8794 

65.92 

2424 

43302 

9.29 

6.13 

6.73 

58328 

12.52 

9.06 

8804 

66.61 

Average   43134 

9  26 

6.18 

6.78 

57844 

12.42 

9.09 

8833 

66.66 

2417 

23906 

5.13 

6.96 

7.67 

31652 

6.79 

10.15 

9863 

75.68 

Medium 

2418 

23778 

5.10 

6.75 

7.49 

31458 

6.75 

9.91 

9630 

73.57 

2419         24340 

5.23 

6.69 

7.40 

32227 

6.92 

9.80 

9523 

74.21 

Average   24008 

5.15 

6.80 

7.52 

31779 

6.82 

9.95 

9672 

74.49 

2'  Lump 

2425 

42889 

9.21 

5.72 

6.26 

57214 

12.28 

8.35 

8114 

61.47 

High 

2427 

42254 

9.07 

5.38 

5.92 

56071 

12.03 

7.86 

7638 

58.92 

2428 

44136 

9.47 

5 .  73 

6.31 

58403 

12.53 

8.35 

8114 

62.14 

2442 

44910 

9.64 

5.88 

6.46 

60539 

12.99 

8.71 

8464      65 . 19 

Average 

43547 

9.35 

5.68 

6.24 

58057 

12.46 

8.32 

8083 

61.93 

2430 

24122 

5.18 

6.31 

6.97 

32010 

6.87 

9.25 

8988 

70.55 

Medium 

2434 

24014 

5 .  1 5 

6.30 

6.95 

31914 

6.85 

9.24 

8979 

70.24 

2435 

25147 

5.40 

6.36 

6.99 

33270 

7.14 

9.25 

8988 

70.75 

Average 

24427 

5.24 

6.32 

6.97 

32398 

6.95 

9.25 

8985 

70.51 

ings 

2436 

42287 

9.07 

4.94 

5.45 

57468 

12.33 

7.40 

7191 

56.25 

,..  , 

2437 

43981 

9.44 

4.98 

5.48 

59814 

12.84 

7.45 

7239 

57.35 

Average 

43134 

9.26 

4.96 

5  47 

58641 

12.59 

7.43 

7215 

56.80 

2431 

i  24907 

5.34 

5.76 

6.29 

33102 

7.10 

8.36 

8123 

62.81 

lium 

2432 

21711 

5.30 

5.90 

6.47 

32870 

7.05 

8.61 

8366 

66.08 

2433 

24933     5  35 

5.85     6.39 

•A2W)] 

7.07 

8.45 

8211 

64.21 

Average 

:    24851  i  5  33 

5  84 

6  38 

32978 

7.07 

8.47 

8233 

64  37 

ir.i'- 

2440 

43186 

9.27 

4  .  63 

5.09 

57956 

12.44 

6.83 

6637 

52.28 

2441 

4.80 

:,  37 

59540 

12. 78 

7.28 

7074 

56 .  64 

Average   43564 

9  35 

4  72 

5.23 

58748 

12  61 

7  06 

6856 

54.46 
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(as  regards  moisture)  in  which  they  were  loaded,  nor  were  they  in 
the  same  condition  in  this  instance;  and  furthermore  the  necessary 
mine  samples  were  available  for  only  three  of  the  Biz  sizes  tested. 
Final  comparisons  were  consequently  drawn  only  on  the  usual  ba 
of  dry  coal.  The  use  of  the  customary  "equivalent  evaporation  from 
and  at  212  degrees'1  eliminates  the  effect  of  the  remaining  variations 
in  test  conditions;  and  the  final  comparison  of  the  grades  was  there- 
fore made  by  the  use  of  the  values  of  this  equivalent  evaporation  per 
pound  of  dry  coal. 

Table  7 

Thk  A'  n  ll  Evaporation  per  Pound  of  Com.  as  Fired  and  A: 

Per  Poind  of  Dry  Coal 


j;il  Evaporation  per  lb.  of  Coal         Actual  Evaporation  per  lb.  of  Dry 
as  Fired — lb.                                                  Coal — lb. 

Si 7i:  of  Coal 

\-                    am 

•<•  of 
Evaporation 

At  the  High 

Rate  of 
Evaporation 

At  th<    M<  bum 

'•  of 
Evaporation 

he  Hitrh 

te  of 
noration 

1 

2 

3 

4 

5 

i  ;un 

7.06 
6.84 
7.04 
6.80 

5.88 
6   L2 

6   is 

:  I  - 

7    17 
7   72 

■       3 

2'  x  y  Nut 

:ip 



1J4'  Screenings 

These  values  of  equivalent  evaporation  per  pound  of  dry  coal  are 
given  for  each  tesl  in  ( lolumn  37  of  Table  6.  Inspect  ion  of  th<  ires 

discloses  great  uniformity  among  the  values  applying  to  each  size  and 
cadi  rate.     Only  in  the  case  of  the  high  rati  with  the  2-inch 

lump  coal  is  there  any  considerable  variation  between  the  equivaL 
evaporation  values  for  the  individual  tests;  and  even  in  this  group 
the  maximum  variation  from  the  average  is  only  r>iL,  per  cent.  In 
view  of  this  uniformity  we  are  entirely  warranted  in  using  the  avert 
values  for  the  various  groups  and  in  basing  conclusions  upon  them, 
if  equivalent  evaporation  per  pound  of  dry  coal  are 
therefore  a  led  in  Table  8  together  with  the  averages  of  the  i 

of  evaporation  per  square  I  beating  Burface  per  hour  taken  from 

Column  36  of  Table  6.    Table  8  embodies  consequently  the  final  dir 
results  of  I  he  test 

In  Table  S  the  coals  are  arranged  in  the  order  of  the  evaporation  at 
the  medium  rate  as  'j;\<-n  there  in  Column  2.    Thi  soal  heads  the 

list  with  an  equivalent  evaporation  of  l'».'_'l  pounds  per  pound  of  dry 
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Table  8 

The  Equivalent  Evaporation  per  Pound  of  Dry  Coal  for  Both 
the  Medium  and  the  High  Rate  Tests 


For  the  Medium  Rate  Tests 

For  the  High  Rate  Tests 

Size  of  Coal 

Equivalent 

Evaporation 

per  lb.  of 

Drv  Coal 

'lb. 

Equivalent 

Evaporation 

per  Hour  per 

sq.  ft.  of 

Heating  Surface 

lb. 

Equivalent 

Evaporation 

per  lb.  of 

Dry  Coal 

lb. 

Equivalent 

Evaporation 

per  Hour  per 

sq.  ft.  of 

Heating  Surface 

lb. 

1 

2 

3 

4 

5 

3'  x  6'  Egg 

10.21 
10.12 
9.95 
9.90 
9\  25 
8.47 

6.78 
6.40 
6.82 
6.72 
6.95 
7.07 

9.09 
8.66 
8.32 
9.11 
7.43 
7.06 

12.42 

"Mine  Run 

12.28 

12.46 

2'  x  3"  Nut 

12.39 

2'  Screenings 

-  reenings  

12.59 
12.61 

coal  followed  by  the  other  grades  in  the  order  in  which  they  appear  in 
the  table.  For  the  high  rate  tests  the  nut  coal  gave  the  best  perfor- 
mance, namely  an  equivalent  evaporation  of  9.11  pounds  per  pound 
of  dry  coal,  while  the  other  sizes  stand  in  the  order  in  which  they 
are  cited  in  the  table.  These  relations  stand  out  more  clearly  in  Fig  16 
which  has  been  prepared  by  plotting  values  of  equivalent  evaporation 
and  rate  of  evaporation  given  in  Table  8.  In  Fig.  16  the  vertical  dis- 
tances represent  equivalent  evaporation  per  pound  of  dry  coal,  where- 
in the  horizontal  distances  represent  the  pounds  of  equivalent  evapo- 
ration per  hour  on  each  square  foot  of  heating  surface.  For  the 
3-inch  by  6-inch  egg  coal  these  quantities  are,  for  the  medium  rate 
*s  10.21  pounds  and  6.78  pounds,  respectively;  and  for  the  high 
rate  tests  9.09  pounds  and  12.42  pounds,  respectively  (see  Table  8). 
These  pairs  of  values  are  plotted  in  Fig.  16  where  they  appear  as  the 
two  points  which  define  the  line  marked  3-inch  by  6-inch  Egg.  These 
points  are  connected  by  a  straight  line,  which  implies  the  assumption 
that  the  equivalent  evaporation  varies  regularly  and  directly  with  the 
rate  of  evaporation.  While  there  are,  in  this  series,  no  tests  at  inter- 
rates  to  support  this  assumption,  it  is  amply  warranted  by 
the  results  of  numerous  other  locomotive  boiler  tests.  The  other  lines 
in  Fig.  16  arc  similarly  plotted  from  values  given  in  Table  8,  and 
fine  the  performance  of  the  other  five  sizes. 

tion  of  Pig.  16  reveals,  as  usual,  for  all  grades  a  sharp  de- 
poration  as  the  rate  of  evaporation  increases.     The  rate 
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of  this  decrease  is  nearly  alike  for  all  sizes  except  the  2-inch  by 
3-inch  nut  for  which  it  is  roughly  one-half  of  that  for  the  other  sizes. 
This  change  in  evaporation  with  rate  of  evaporation  makes  it  necessary 
to  reduce  the  values  of  evaporation  to  a  common  rate  before  drawing 
final  comparisons  between  the  various  grades.  To  effect  this  reduction 
the  rates  of  evaporation  for  all  the  medium  rate  tests  shown  in  Col- 
umn 3  of  Table  8  have  been  averaged  and  this  average — 6.79  pounds 
per  square  foot  of  heating  surface  per  hour — has  been  represented 
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equiv.  evap.    per  sq.  ft.  heating  surface  per  hr.-lb. 

Pm.  16.    Thk  Relation  Bkwzbn  Eqxjivalknt  Evaporate  Pound 

<«)al  and  TiiK  Rati  of  Evaporation,  ros  Baob  Bin  01  Goal  Tested 

by  th«'  vertical  line  AA  in  Pig.  L6.    similarly  the  average  high  rate 
1l\4«)  ponndfl  per  square  foot  of  heating  surface  per  hour    is  found 
from  Column  5  of  Table  8  and  is  defined  by  the  line  BB  in  this 
figure.    If  now  in  Pig,  1<!  we  measure  ofl  the  vertical  distances  on  .1.1 
al  the  points  where  this  line  is  intersected  by  the  performance  Li 
for  the  various  sizes,  sre  obtain  sii  values  of  equivalent  evaporation 
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per  pound  of  dry  coal,  one  for  each  size,  and  all  pertaining  to 
the  common  medium  rate  of  evaporation  defined  by  the  line  A  A, 
namely,  6.79  pounds  per  square  foot  of  heating  surface  per  hour. 
These  values  are  shown  in  Column  2  of  Table  9  and  since  they  pertain 
to  the  same  rate  of  evaporation  they  are  rigidly  comparable.  In  like 
manner  the  evaporation  values  defined  by  the  intersections  with  the 
line  BB  are  given  in  Column  4  of  Table  9,  and  pertain  to  the  com- 
mon high  rate — 12.46  pounds  per  square  foot  of  heating  surface  per 
hour. 

Table  9 
The  Relative  Standing  of  the  Various  Sizes,  Based  on  Corrected  Values 
of  the  Equivalent  Evaporation  per  Pound  of  Dry  Coal 

(This  table  gives  the  values  of  equivalent  evaporation  per  pound  of  dry  coal,  corrected  for   a 

common  medium  rate  of  evaporation  of  6.79  pounds  per  square  foot  of  heating  surface 

per  hour,  and  for  a  common  high  rate  of  evaporation  of  12.46 

pounds  per  square  foot  of  heating  surface  per  hour) 


For  the  Common  Medium  Rate  of 

Evaporation — 6.79  lb.  per  sq.  ft.  of 

Heating  Surface  per  Hour 

For  the  Common  High  Rate  of 

Evaporation — 12.46  lb.  per  sq.  ft.  of 

Heating  Surface  per  Hour 

Grade  of  Coal 

Equivalent 

Evaporation 

per  lb.  of 

Dry  Coal 

lb. 

Relative  Values, 
Based  on 
Mine  Run 

Equivalent 

Evaporation 

per  lb.  of 

Dry  Coal 

lb. 

Relative  Values, 
Based  on 
Mine  Run 

1                                       2 

3 

4 

5 

3'  x6'  Egg        

Mine  Run 

2'  Lump 

10.21 
10.02 
9.96 
9.89 
9.30 
8.54 

1.02 
1.00 
0.99 
0.98 
0.93 
0.85 

9.08 
8.62 
8.32 
9.10 
7.47 
7.10 

1.05 
1.00 
0  97 

2'  x  3'  Xut 

1  06 

0  87 





0.82 

Table  9  presents  therefore  average  values  of  equivalent  evaporation 

P"und  of  dry  coal  for  each  of  the  sizes  of  coal — first  for  a  common 
medium  rate  of  evaporation  in  Column  2,  and  next  for  a  common 
high  rate  of  evaporation  in  Column  4.  These  are  the  final  results  of 
the  tests,  and  tLey  may  be  compared  to  determine  the  relative  value 

he  various  sizes.  Such  a' comparison  of  the  values  in  Column  2 
shows  that  when  the  boiler  was  worked  at  the  medium  rate  the  3-inch 
by  6-inch  egg  coal  gave  the  highest  evaporation,  with  the  other  sizes 
following  in  the  order  in  which  they  appear  in  the  table;  whereas 
at  the  high  rate-  the  2-inch  by  3-inch  nut  coal  gave  the  highest  evapo- 

lOD  followed  by  the  egg,  mine  run,  lump,  2-inch  screenings,  and 
] !  ;  )f  in  the  order  named.    Further  comparison  is  more 
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conveniently  made  upon  a  percentage  basis,  for  which  purpose  the 
performance  of  the  mine  run  is  taken  as  unit}*  or  100  per  cent,  and  the 
other  sizes  are  represented  in  Columns  3  and  5  of  Table  9  by  numbers 
which  define  the  relation  of  their  performance  to  that  of  the  mine  run. 
At  the  medium  rate  the  four  larger  grades  gave  nearly  the  same 
performance,  the  maximum  difference  among  them  being  but  4  per 
cent.  The  steam  production  per  pound  of  egg  coal  was  2  per  cent 
greater  than  with  the  mine  run,  while  with  the  lump  and  the  nut  it 
was  respectively  1  per  cent  and  2  per  cent  less  than  with  mine  run. 
Tin'  performance  with  2-inch  screenings  was  7  per  cent  less  and  with 
1%-inch  screenings  15  per  cent  less  than  with  mine  run.  If  we  assume 
that  mine  run  coal  on  the  tender  was  worth  $2.00  per  ton,  the  relative 
worth  on  the  tender  of  the  other  sizes  during  the  medium  rate  tests 
was : 


3-inch  x  6-inch   Egg 

.      $2.04 

2-ineh  Screenings    . 

.     $1.86 

2-incb  Lump 

1.98 

1*4 -inch  Screenings 

1.70 

2-inch  x  3-inch    Xut 

1.96 

At  the  high  rate  the  2-inch  by  3-inch  nut  coal  gave  the  bc^t  per- 
formance, producing  6  per  cent  more  steam  than  the  mine  run;  the 
3-inch  by  6-inch  egg  came  next  with  an  evaporation  5  per  cent  more 
than  that  of  the  mine  run;  while  the  2-inch  lump  evaporated  3  per 
cent  less.  At  this  rate  of  evaporation  the  2-inch  screenings  and  the 
IVi-inch  screenings  produced  per  pound  respectively  13  per  cent  and 
18  per  cent  less  steam  than  the  mine  run.  If  we  again  assume  that 
mine  run  was  worth  on  the  tender  $2.00  per  ton,  the  relative  worth 
of  the  other  sizes  during  the  high  rate  tests  was  as  follows  : 


2-ineh  x  3 -inch    Nut 

.      $2  ,12 

2-inch  Screenings 

.      | 

3-inefa  i  6  inefa   Egg 

2.10 

1^4 -inch  Screenings 

1.64 

2-ineh  Lump 

l.-tt 

The  facts  presented  in  Table  9  and  in  the  foregoing  discussion  are 
graphically  presented  in  Figs.  17  and  18.  Fig.  17  shows  the  relative 
st.Min  producing  capacity  or  the  relative  values  of  the  six  different 
sizes  of  fuel  when  used  at  the  medium  rate  of  evaporation;  and 
Pig.  18  presents  these  relations  for  the  hi'_rh  rate  of  evaporation  Tl 

two  figures  and  Table  9  embody  the  final  and  principal  results  of  the 

whole  teal  Beries. 

While  the  differences  in  performance  of  the  bizcs  i^  due  in  some 
measure  to  inherent  variations  in  heating  value  and  in  ash  content. 
these  variations  arc  tn<>  small  to  account   t'ullv  for  the  difference  in 
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Fig.  17.     The  Eelative  Evaporative  Efficiencies  of  the  Coals, 
for  the  Medium  Kate  Tests 
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The  Relative  Evaporative  Efficiencies  of  the  Coals, 
for  the  High  Rate  Tests 
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performance,  nor  is  an  explanation  on  these  grounds  applicable  to 
all  of  the  sizes.  The  difference  in  performance  appears  to  be  due 
chiefly  to  the  variations  in  cinder  loss  and  in  the  conditions  of  com- 
bustion which  it  was  possible  to  maintain  with  the  different  sizes. 
This  conclusion  is  supported  by  the  discussion  of  cinder  losses  and  of 
the  heat  distribution  which  follows  in  the  next  two  sections. 

18.  Cinder  Losses. — Information  relative  to  the  losses  due  to  cin- 
ders passing  out  through  the  stack  is  given  in  Fig.  19.  In  considering 
the  cinder  losses  as  here  presented  it  should  be  borne  in  mind  that 
all  of  the  coal  tested  was  of  one  kind,  that  is,  it  came  from  one  mine. 
Coals  possessing  other  physical  characteristics  might  show  somewhat 
different  results  as  to  cinder  losses  under  the  conditions  of  the  tests 
here  considered.  It  should  also  be  remembered  that  for  a  given  rate, 
medium  or  high,  the  draft  was,  for  all  grades  of  coal,  practically  con- 
stant as  shown  in  Fig.  15. 

Fig.  19  shows  the  amount  of  the  stack  losses  when  the  weight  of 
the  cinders  collected  from  the  stack  is  expressed  as  a  percentage  of  the 
weight  of  the  dry  coal  fired,  and  also  the  amount  of  such  loss  when 
the  heat  content  of  the  cinders  collected  from  the  stack  is  expressed 
as  a  percentage  of  the  British  thermal  units  in  the  coal  fired.  The 
loss  when  expressed  as  per  cent  of  B.  t.  u.  is  numerically  less  than  when 
expressed  as  per  cent  of  weight  of  dry  coal,  due  to  the  fact  thai  the 
cinders  do  not  have  so  high  a  heat  value  per  pound  as  the  coal  from 
which  they  originate.  Also,  due  to  the  fact  that  cinders  produced  at 
high  rates  of  combustion  have  higher  heating  values  than  cinders  pro- 
duced at  low  rates  of  combustion,  the  differences  between  pereenta 
for  medium  rate  and  high  rate  tests  are  greater  when  expressed  in 
terms  of  heat  units  than  when  expressed. in  terms  of  dry  coal.  The 
average  heating  value  of  the  stack  cinders  for  all  medium  rate  i 
was  8635  B.  t.  u.  and  the  average  value  for  all  high  rate  tests  was 
10854  B.  t.  n.  Column  23,  Table  6,  shows  the  heating  vain.'  of  Ma«-k 
cinders  for  each  test  and  the  average  values  for  each  of  the  twelve 
groups  of  tests.  The  heating  values  of  the  cinders  from  the  medium 
rate  tests  with  screenings  were  higher  than  corresponding  values  from 
other  grades  of  coal. 

In  Fig.  19  it  will  he  seen  that.  <lnrinir  the  medium  rate  '  rom 

2.3  to  13.6  pounds  of  cinders  were  collected  from  the  stack  for  each 

100  pounds  of  dry  coal  fired;  while  for  the  hiirh   rate  tests   from   I 

17. s  pounds  were  collected   tor  each   100  pounds  of  ooaL     The 
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LOSS    DUE  TO  STACK  CINDERS  IN    PER    CENT 
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19.     Thi  Cindeb  Losses,  Expressed  in  Per  Cent  of  the  Heat  in  the  Coal 
and  a  of  the  weight  of  the  dry  coal 
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screened  coals  in  all  cases  produced  fewer  cinders  Than  the  mine  run 
coal ;  and  the  screenings  produced  a  materially  greater  quantity  of 
cinders  than  any  of  the  larger  sizes. 

When  the  losses  are  expressed  as  B.  t.  u.  percentages,  Fig.  19  shows 
that  for  the  medium  rate  tests  the  loss  on  account  of  stack  cinders 
was  smallest  in  the  case  of  the  lump  coal,  amounting  to  1.3  per  cenl 
of  the  heat  content  of  the  coal  fired.  The  corresponding  losses  for  the 
egg,  nut  and  mine  run  coals  were  1.5,  1.6,  and  2.2  per  cent,  respec- 
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lively.    The  Loss,  during  medium  rate  tests,  for  ili<i  2-inch  Bcreenii 
was  7.1  per  cent  ami  for  the  l1  finch  screenings,  11.-  per  cent    The 
average  Loss  from  the  screenings  was  roughly  five  timet 
the  average  Loss  from  the  Larger  coals  during  the  medium  rat.-  te 
For  the  high  rate  tests  the  smallest  heat   Loss  due  to  stack  cinders 
occurred  with  the  nut  coal.    The  average  Losses  for  out,  <>Lr:_r.  lump 
and  mine  run  are  5.2,  6.5,  6.7,  and  8.4  per  cent,  respectively.    The 
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corresponding  loss  for  the  2-inch  screenings  was  13.2  per  cent  and  for 
the  l1 4 -inch  screenings  15.7  per  cent.  The  average  loss  from  the 
screenings  during  the  high  rate  tests  was  more  than  twice  as  great 
as  the  average  loss  from  the  larger  coals. 

The  figures  and  data  indicate  that  with  very  fine  coals  such  as 
screenings  the  cinder  loss  is  large  even  at  medium  rates  of  combustion 
and  with  comparatively  low  front-end  draft;  but  that  under  these 
conditions  the  cinder  loss  is  not  serious  for  the  larger  coals  even  when 
they  contain  a  considerable  amount  of  fine  material  as  in  mine  run 
coal.  For  conditions  involving  high  rates  of  combustion  and  strong 
drafts,  however,  the  stack  cinder  loss  is  a  serious  one  for  all  sizes 
of  coal. 

Fig.  20  shows  the  relation  existing  between  the  loss  due  to  stack 
cinders  and  the  amount  of  i/4-inch  or  smaller  material  in  the  coal  as 
received.  The  data  presented  in  Fig.  20  are  also  shown  in  Table  10. 
The  curves  in  addition  to  showing  the  relative  magnitude  of  the 
cinder  losses  for  the  two  rates  of  operation,  show  that  the  cinder  losses 
increased  quite  uniformly  with  the  increase  of  fine  material  in  the 
coal.  At  the  medium  rate  about  1  per  cent  of  the  coal  would  appa- 
rently be  lost  as  cinders  if  there  were  no  1,4-inch  fine  material  at  all 
in  the  coal;  while  at  the  higher  rate  and  without  such  material,  the 
Loss  would  be  about  5.5  per  cent.  The  curve  for  the  high  rate  tests 
shows  an  increase  in  the  cinder  loss  of  very  nearly  one  per  cent  for 
each  increase  of  3.7  per  cent  in  the  amount  of  14-inch  material  in 
the  coal.  The  light  straight  lines  in  Fig.  20  show,  for  both  rates,  a 
uniform  increase  of  one  per  cent  in  cinder  loss  for  each  3.7  per  cent 
increase  in  the  V4-inch  material  in  the  coal.  The  straight  line  repre- 
sents the  plotted  points  of  the  high  rate  tests  closely  but  does  not 
represent  so  well  the  points  plotted  for  the  medium  rate  tests.  For  the 
purposes  of  further  discussion,  however,  the  straight  lines  have  been 
lepted  as  defining  with  sufficient  accuracy  the  relations  for  both 

». 

nditions  similar  to  those  of  the  high  rate  tests,  therefore,  the 
percentage  Joss  of  fuel  due  to  stack  cinders  may  be  expected  to  be 
»roxhnately  5.5  plus  the  per  cent  of  14-inch  material  in  the  coal 
divided  by  3.7.    Expressed  as  a  formula  this  becomes 

C  =  5.5+  (F-r-3.7), 
where  C  1^  the  fur.]  ]0ss  on  account  of  stack  cinders  expressed  as  per 
ent  of  B.  r.  u.  in  the  coal,  and  F  is  the  per  cent  of  original  coal  passing 


TESTS    OF    ILLINOIS    COAL    OX    A    MIKADO    LOCOMOTIVE 


51 


Table  10 
Per  Cent  of  Fine  Material  in  Coal,  and  Losses  Due  to  Stack  Cinders 


Per  Cent  of  Fine  Material  in 
Coal  as  Received, 
Passing  Through 

Rate 

Loss  Due  to  Stack  Cind 

Per 

Wt.  of  Cinders 
in  Per  Cent  of 

Size 

Cent 

of 

B.t.u. 

in  Coal 

Fired 

Round 

Hole 

Screen 

•/I                      X 

Round        Round 

Hole           Hole 

Screen        Screen 

Coal             Dry 
as  Fired         Coal 

1 

2 

3                  4                         5 

6                7                8 

-"  Lump 

1.72 

1.87 

2.28 

12.50 

26.88 

2.62 

2.93 

3.40 

19  94 

41.09 

57.62 

4.53 

\  High 

1.3 

6.7 

1.6 

5.2 

l   5 

6.5 

_    _ 

8.4 

7.1 

13.2 

11    _' 

15  7 

2.1               2  3 

7     1                  «   -i 

2'x3'  Nut 

5.77 

5.40 

31.30 

86.82 

i  Milium 

(  High 

2.3 
5.7 
2.2 

7  2 

2:5 
6  3 

3' x  6' Egg 

j  Medium 

(High 

2.4 

7    Q 

Mine  Run 

;um 

(High 

3.1               3.3 
9  0              9  8 

?  reenings 

(  Medium 

(  High 

8.9              9.8 
14    1             15  5 

1 J  i '  Screenings  . .  . 

37.59 

95 

(  Medium 

(High 

12  5 

16  1 

through  a  14-inch  round  hole  screen.     The  expression  for  conditions 
similar  to  those  of  the  medium  rate  tests  is: 

C  =  F-^3.7. 
The  per  cent  of  coal  passing  through  a  14-inch  round  hole  scr 
has  been  used  in  the  foregoing  analysis  since  that  was  the  smallest 
screen  used  in  testing  the  coal  for  size.  Similar  analyses  making  11-.' 
of  the  per  cent  of  coal  passing  through  a  ]  g-inch  or  1-inch  screen  show 
.similar  relations  and  result  in  similar  formulas,  with  only  a  change  in 
the  value  of  the  divisor.  When  F  is  the  per  cent  of  coal  passing 
through  a  ]  --inch  round-hole  screen,  tie's,-  formulas  become: 

C  —  5.5  -f  (F-r-5.7),  for  the  high  rate  conditions. 

C  =  F -=-  5.7,  for  the  medium  rate  conditions;  and  when  F  is 

the  per  cent  of  coal  passing  through  a  1-inch  round-hi 

screen,  the  corresponding  formulas  arc: 

C  =  5.5  +  (F  —  9.3),  for  the  high  rate  conditions. 
C  =  F --9.-\.  for  the  medium  rate  conditions. 

It  should  1«'  remembered  thai  kind  of  coal,  intensity  of  draft, 
fireboi  and  front  end  arrangemenl  and  probably  other  factors  may 
materially  affect  the  relations  existing  between  cinder  losses  and  the 

amount  of  line  material   in  coal,  and  that   in  tic  tests  under  consider- 
ation these  variables  have  a  vei-y  limited  range.    The  results,  thei 
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if  applied  to  conditions  other  than  those  from  which  they  were  derived 
should  be  used  with  caution  and  with  an  understanding  of  their  limita- 
tions. 

During  tests  with  the  four  larger  grades,  larger  quantities  of 
cinders  were  collected  than  there  was  i/4-inch,  or  smaller,  material  in 
the  coal.  For  these  coals  a  considerable  portion  of  the  cinders  must 
therefore  have  come  from  comparatively  large  pieces  of  coal.  In  the 
Screenings  tests  the  cinders  collected  were  materially  less  in  amount 
than  the  14-inch  or  smaller  material  that  existed  in  the  coal.  At  all 
comparatively  high  rates  of  combustion  therefore,  and  probably  also 
at  lower  rates,  there  must  be  factors  determining  the  amount  of  cinders 
produced  other  than  the  original  amount  of  fine  material  in  the  coal 
fired. 

19.     Heat  Distribution. — Fig.  21  presents  average  heat  balances 
for  the  tests  with  each  grade  of  coal  for  both  medium  and  high  rate 
tests.     The  figures  have  been  so   constructed  that  the   groups   are 
arranged  with  relation  to  decreasing  values  of  the  per  cent  of  heat 
absorbed  by  the  boiler  during  the  high  rate  tests.     This  places  the 
grades  in  the  following  order :  nut,  egg,  mine  run,  lump,  2-inch  screen- 
ings, and  114-inch  screenings,  the  nut  coal  having  shown  the  high- 
est boiler  efficiency,  followed  by  the  other  sizes  in  the  order  named. 
During  the  medium  rate  tests  the  mine  run  coal  showed  the  high- 
est   average    boiler    efficiency    followed    by    egg,    lump,    nut,    2-inch 
screenings  and  l^-inch  screenings  in  the  order  named.     The  per- 
of  heat  absorbed  by  the  boiler,   during  the  medium  rate 
for  the  four  grades  of  coal  other  than  screenings,  were,  however, 
Dearly  the  same,  ranging  only  from  75.8  per  cent  for  mine  run  to 
:•  cent  for  nut  coal. 
21,  in  addition  to  the  per  cent  of  heat  absorbed  by  the  boiler, 
shows  the  following  items,  all  in  percentages  of  the  heat  of  the  coal 
fire<  due  to  stack  cinders;  loss  due  to  hydrogen  in  the  coal,  mois- 

ture in  the  coal,  and  moisture  in  the  air;  loss  due  to  combustible  in 
the  ash  ;  loss  due  to  heat  of  the  escaping  gases;  loss  due  to  incomplete 
combustion  of  gases;  and  the  "radiation  and  unaccounted  for"  loss. 
>mplete  heat  balances,  tabulated  in  Appendix  III,  present  the 
;i  format  ion  in  more  detail  and  for  each  test.     Fig.  21  reveals 
lations  concerning  the  heat  distribution.    For  the  high  rate 
representing  cinder  losses  increase  in  size  to  about 
the  figures    representing  heat  absorbed  by  the 
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l)oiler    decrease,    in    pa-sing    from    nut    to    1%-inch    screenings.       In 
general  also,  all  of  the  figures  represenl  ing  losses  other  than  the  cinder 
loss  appear  to  be  nearly  equal.    The  principal  exceptions  to  the  gen- 
eral statements  just  made  are  found  in  the  facts  thai  due  to 
incomplete  co           ion  vary  considerably,  and  thai  the  heat  distribu- 
tion representing  the  Lump  coal             hows  .1  small  cinder  Loss  and 
a  Large  "unaccounted  for"  Loss.     It  may  be  said,  however,  thai  ti 
was  Little  variation  in  the  Losses  due  to  escapin                          sh-pan, 
to  incomplete  combustion,  to  moisture,  and  to  radiation  and  an 
counted  for,  as  between  the  different  grades;  and  thai  the  differen 
in  the  amounts  of  heal  absorbed  by  the  boiler  are  to  be  accounted  for 
chiefly  by  the  variation  in  the  losses  due  to  cinde 

This  Lac  al  is  illustrated  by  Pig.  22,  in  which  the  heighl  of 

•al  Land  1^  proportioned  t<>  the  sum  of  the  heal  absorl 
1>\-  the  boiler  and  tic  h«-at  carried  away  in  the  cinders.     It  i--  obvii 
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from  the  figure  that,  at  the  medium  rate,  the  inferiority  of  the  screen- 
ings as  compared  with  the  other  sizes  is  entirely  accounted  for  by 
their  cinder  losses.  Among  the  four  larger  grades  the  cinder  losses 
were  small  and  nearly  alike  during  the  medium  rate  tests,  and  the 
differences  in  performances  are  not  chargeable  to  cinders,  but  to  other 
factors.  Of  these  four  sizes  the  mine  run  shows  the  highest  boiler 
efficiency,  despite  the  largest  cinder  loss.    During  the  high  rate  tests 


Fig.  22.     Tn  ,.   the  Heat  Absorbed  by  the  Boiler  and  the  Heat  Lost 

i  the  Clndeb  Both  the  Medium  and  the  High  Kate  Tests 
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the  inferiority  of  the  screenings  is  again  almost  entirely  accounted 
for  by  the  cinder  loss.  The  difference  in  performance  of  the  four 
other  grades  is  also  apparently  due  chiefly  to  the  heat  carried  away 
in  the  cinders,  except  as  regards  the  lump  coal  which,  although  its 
cinder  loss  was  less  than  that  of  the  mine  run  and  about  equal  to  that 
of  the  egg  and  nut,  nevertheless  gave  a  performance  inferior  to  all 
of  them.  This  fact  reflects  the  difficulty  experienced  in  firing  the 
lump  coal  at  the  high  rate,  which  has  been  previously  alluded  to. 

The  radiation  and  unaccounted  for  losses  are,  for  all  grades,  quite 
uniform,  the  minimum  and  maximum  values  for  the  twelve  groups 
being  3.0  per  cent  and  9.3  per  cent.  The  minimum,  maximum,  and 
average  values  for  the  entire  36  tests  are  2,  11.2,  and  .*>.2  per  cenl 
respectively.  If  there  were  no  unaccounted  for  loss  the  average  value 
of  5.2  per  cent  should  represent  with  some  degree  of  exactness  the 
radiation  loss.  In  addition  to  the  heat  losses  accounted  for  there  are 
probably  other  losses  not  measured,  such  as  those  due  to  sensible 
heat  carried  away  by  the  ash  and  cinders,  unburned  combustible 
gases  not  determined  by  the  gas  analysis,  and  unburned  carbon  in  the 
smoke  other  than  the  cinders  which  are  collected.  Making  an  allow- 
ance of  1  or  2  per  cent  for  the  losses  just  mentioned  and  deducting 
this  from  the  total  average  unaccounted  for — 5.2  per  cent — would 
leave  the  average  value  for  the  loss  due  to  radiation  at  about  3  or  4  per 
cent.  While  we  have  no  very  reliable  data  as  to  the  radiation  Loss 
under  conditions  similar  to  those  of  the  tests,  the  figure  3  or  4  per  cent 
is  probably  not  greatly  in  error.  There  is.  further,  for  all  tests  a  com- 
paratively small  variation  of  the  radiation  and  unaccounted  for  Loss 
from  tlif  mean  value.  Because  of  these  facts  it  is  fair  to  conclude 
that,  in  general,  the  heal  distributions  as  iriven  in  the  tables  accounl 
for  practically  all  of  the  heat  content  of  the  coal:  that  the  amounts 
actually  onacceunted  for  are  bo  small  as  ool  seriously  to  invalidate 
any  portion  of  the  balances;  and  finally  that  the  approximately  com- 
plete and  correct  accounting  for  of  all  the  heat  content  of  the  coal 
makes  it  probable  that  values  denning  the  heat  distribution  may 
Bafely  be  taken  as  a  basis  for  conclusions  concerning  the  test  results. 

IX.      CONCLl  BIONB 

Such  generalizations  as  follow  seem  warranted  by  the  I  iltv 

They  are  presented  as  applicable  only  to  the  coal  tested.  Bow  closely 
they  apply  to  coals  from  other  fields  is  ool  clear,  although  it  is  prob 
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able  that  they  hold  good  for  other  coals  of  like  mechanical  make-up 
and  similar  physical  properties.    If  it  is  desired  to  apply  these  conclu- 

os  to  coals  from  other  fields,  the  facts  should  be  borne  in  mind  that 
the  six  sizes  tested  were  more  nearly  alike  in  chemical  composition 
and  heating  value  than  is  often  the  case,  that  the  cinder  losses  account 
in  large  measure  for  the  differences  in  performance,  that  the  firing 
was  unusually  uniform  and  constantly  supervised,  that  the  large 
lumps  in  both  the  mine  run  and  lump  coals  were  broken  before 
firing,  and  that  the  same  exhaust  nozzle  was  used  throughout  all  tests. 

The  purpose  of  the  tests  and  the  general  program  are  set  forth 
in  Chapter  II. 

The  heating  values  and  the  chemical  analyses  of  the  six  sizes 
of  coal  tested  are  given  in  Table  1  of  Chapter  III,  and  their  mechan- 
ical make-up  is  denned  in  sections  6  and  7  of  that  chapter. 

The  final  results  of  the  tests,  expressed  in  terms  of  equivalent  evap- 
oration per  pound  of  dry  coal,  are  presented  in  Columns  2  and  4  of 
Table  9  in  Chapter  VIII,  and  they  are  discussed  at  the  end  of  sec- 
tion 17  in  that  chapter. 

The  relative  values  of  the  six  sizes  are  defined  by  the  percentage 
values  given  in  Columns  3  and  5  of  Table  9  in  Chapter  VIII,  and 
are  illustrated  by  Figs.  17  and  18.  It  should  not  be  forgotten  that 
these  percentages  define  the  relative  values  of  the  coals  on  the  tender 
— not  at  the  mine. 

At  the  prices  which  prevailed  when  the  tests  were  made,  both 

sizes  of  screenings  were  slightly  more  economical  than  the  mine  run 

coaL     Among  the  four  larger  grades  the  mine  run  was  much  more 

lical  than  either  the  egg,  nut,  or  lump  coals.     Averaging  the 

suits  at  both  rates  of  evaporation,  the  price  differential  between 

Teenings   and   1 14-inch   screenings   was   just   offset   by   the 

or  performance  of  the  former. 

:cept  as  regards  the  lump  coal  at  the  high  rate  of  evaporation 

I  the  four  larger  grades  at  the  medium  rate,  the  heat  lost  in  the 
cinders  accounts  almost  entirely  for  the  differences  in  performance 
among  the  various  grades.    These  losses  are  shown  in  Figs.  21  and  22 

■■I  in  sections  18  and  19.     For  the  Screenings 
d  during  the  medium  rate  tests  from  7.1  to  11.2  per  cent, 

d  in  the  high  rale  tests  from  13.2  to  15.7  per  cent.  Among  the 
*""r   larfi  he   heat   lost   in   the   cinders   varied   during   the 

li'i'/i  i  rom  1.3  to  2.2  per  cent,  and  in  the  high  rate  tests 

i>'  3.  \  per  cent. 
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Inspection  of  Figs.  21  and  22  reveals  the  fact  that,  despite  greater 
heat  loss  in  the  cinders,  mine  run  coal  at  the  medium  rate  of  evapo- 
ration had  a  higher  boiler  efficiency  than  either  the  egg  or  the  Lamp ; 
and  at  the  high  rate  its  efficiency  was  greater  than  that  of  the  lump, 
and  only  1.3  per  cent  inferior  to  that  of  the  egg.  It  is  assumed  that 
this  is  due  to  the  better  combustion  of  the  smaller  pieces  of  coal, 
which  are  more  numerous  in  the  mine  run  than  in  the  two  other 
sizes. 

The  inferiority  of  the  performance  of  the  nut  coal  at  the  medium 
rate  was  probably  due  to  insufficient  draft.  Its  superior  performance 
at  the  high  rate  is  considered  to  be  due  to  its  small  cinder  loss  and 
to  the  evenness  and  uniformity  of  the  fire  which  it  was  possible  to 
maintain  with  this  grade. 

At  the  high  rate  of  evaporation  it  was  more  difficult  to  handle 
the  fire  with  lump  coal  than  with  mine  run;  and  at  both  rates  the 
evaporative  efficiency  of  the  lump  was  less  than  that  of  mine  run. 
The  test  results  offer,  therefore,  no  support  for  the  popular  belief  in 
the  superiority  of  lump  coal. 

As  stated  in  Chapter  III  the  large  lumps  in  both  the  mine  run 
and  lump  coals  were  broken  before  firing — the  former  somewhat  the 
more  thoroughly,  as  is  evidenced  by  the  fact  that  after  being  thus 
cracked  all  of  the  mine  run  would  pass  a  5-inch  round  opening, 
whereas  only  74  per  cent  of  the  lump  would  pass  an  opening  of  this 
si/.i'.     As  has  lx't'ii  stated,  tic  evaporative  effi'  of  the  mine  run 

was  greater  than  that  of  the  lump  at  both  rates  of  evaporation.    Since 
these  two  coals   were   not  in  other   respects   identical,   t! 
do  not  form  a  conclusive  argument  for  the  advantage  <»t*  breaking  the 
Large  lumps;  but.  taken  in  connection  with  the  lint  erience  in 

the  laboratory,  they  do  offer  support  for  the  opinion  expressed  by  the 
Fuel  Tesl  Committee  that  the  cracking  of  coal  to  the  point  where  it 
will  all  pass  a  5-inch  or  6-inch  round-hole  screen  th  more  than 

it  mOs  at  well  equipped  coal  elm- 


58  ILLINOIS    ENGINEERING   EXPERIMENT   STATION 

APPENDIX  I 

The  Locomotive 

The  locomotive  has  been  briefly  described  in  the  body  of  this 
report.  For  convenience  of  reference  some  of  the  facts  there  cited  are 
repeated  in  this  appendix  which  is  intended  to  describe  the  locomotive 
in  detail. 

20.  General  Design. — Baltimore  and  Ohio  locomotive  4846  is  of 
the  2-8-2  type  and  is  shown  in  general  design  in  Figs.  12,  23,  24, 
and  25.  It  was  built  by  the  Baldwin  Locomotive  Works  in  the  sum- 
mer of  1916.  It  uses  superheated  steam  at  190-pound  boiler  pressure, 
in  simple  cylinders,  26  inches  in  diameter  by  32  inches  stroke.  Its 
principal  general  dimensions  are  as  follows : — 

Weight  of  locomotive,  in  working  order 284500  lb. 

Weight  of  tender,  loaded 180000  lb. 

Weight  of  locomotive  and  tender,  in  working  order      .      .  464500  lb. 

Weight  on  front   drivers 55600  lb. 

Weight  on  intermediate  drivers 54900  lb. 

Weight  on  main  drivers 56200  lb. 

Weight  on  back  drivers 55300  lb. 

WTeight  on  drivers,  total 222000  lb. 

Weight  on  leading  truck 19400  lb. 

Weight  on  trailing  truck 43100  lb. 

Nominal  maximum  tractive  effort 54587  lb. 

Driving  wheel  base 16  ft.-  9  in. 

Total  wheel  base  of  locomotive 35  ft.-  0  in. 

Driving  wheel  diameter — nominal 64  in. 

J)riving  wheel  diameter — actual 63.92  in. 

Leading  truck  wheel  diameter 33  in. 

Trailing  truck  wheel  diameter 46  in. 

Main   driving  journals 11^x21  in. 

Other  driving  journals 9^x13  in. 

Leading  truck  journals 6  x  6  in. 

ling  truck  journals 8  x  14  in. 

21.  7  /"  Holler,  Firebox,  and  Front  End. — The  boiler,  the  general 
ign  of  which  is  shown  in  Figs.  26  and  27,  was  of  the  wagon  top 

radial  type,  composed  of  four  ring  courses  and  the  back  end. 

The  main  steam  dome  was  mounted  over  an  opening  about  27  inches 
in  diameter  and  an  auxiliary  dome  was  mounted  on  the  back  end, 
about  one-third  of  the  length  of  the  firebox  back  of  the  flue  sheet. 
olts  were  used  throughout. 
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Fig.  24.     Partial  Front  Elevation 
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Fio.  L'".     Ri  m:  Elevation   ^nd  Se<  rio.v  Throi  i  h 
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The  firebox  was  provided  with  a  "Security"  brick  arch  carried  on 
four  3-inch  arch  tubes.  The  grates — shown  in  Fig.  28 — were  of  the 
box  type  with  a  total  area  of  69.8  square  feet  and  a  total  area  through 
the  grate  openings  of  17.0  square  feet — 24.4  per  cent  of  the  grate 
area.  In  ordinary  operation  the  firebox  was  fed  by  a  Street  mechan- 
ical stoker  built  by  The  Locomotive  Stoker  Company.  Its  general 
design  is  shown  in  Fig.  25.  Three  inlets  of  5V2-hich  inside  diameter 
were  provided  in  the  back  head  for  the  stoker  nozzles. 

The  general  design  of  the  front  end  and  the  superheater  appears,  in 
Figs.  26  and  27.  While  the  locomotive  was  being  broken  in  in  service 
the  front-end  arrangements  shown  in  the  figures  were  tested  by  using 
coal  similar  to  that  to  be  used  during  the  tests  and  were  found  to  be 
satisfactory.  They  were  not  modified  during  the  progress  of  the  tests. 
The  superheater  was  of  the  Schmidt  top-header  type  and  consisted 
of  34  elements.  The  principal  boiler  dimensions  appear  in  the  follow- 
ing list : 

Outside  diameter  of  first  ring 

<'vlindrical  courses,  thickness  of  sheet 

Wrapper  sheet,  thickness 

Back  Hue  sheet,  thickness 

Front  flue  sheet,  thickness 

Firebox  sheets,  thickness 

Xumber  of  2*4 -inch  tubes 

Number  of  5  Ms -inch   tubes 

Number  of  3-inch   arch   tubes 

Length  between  tube  sheets 

Water  space  in  the  boiler 

Steam  space  in  the  boiler 

Heating  surface  of  2*4-inch  tubes,  fireside 
Heating  mrfaee  of  5%-inefa  tubes.  fireside 
I  bating  surface  of  3-inch  tubes,  fireside   .... 
Heating  surface  of  front  tube  sheet,  fireside  . 

Heating  surface  of  firebox,    lireside 

Total  water  heating  surface,  fireside 

Superheating  surface,  fireside 

Total  water  and  superheat ing  surface,  fireside 

Number  of  superheater  tubes 

Outside  diameter  of  superheater  tubes 

Total    length    <>f   superheater   tubes 

Length   of  firebox,    inside 

Width  of  firebox,  inside 

Depth  of  firebox,  at  front 

Depth   of   firebox,  at    back 

Volume  of  firebox 

<Jrate   area     

Exhaust  im//ie,  tip  diameter 


78 

in. 

tJ  and 

% 

in. 

A 

in. 

% 

in. 

■■i 

in. 

% 

in. 

21S 

34 

4 

21 

ft. 

54  7 

cu. 

ft. 

144.7 

cu. 

ft 

LM10.0 

>'!• 

ft 

OT2.8 

sq. 

ft 

31.4 

sq. 

ft 

L5.3 

■q. 

ft 

200.4 

sq. 

ft 

').0 

sq. 

ft 

0.0 

ft 

L36 

in. 

ft 

I2fl 

in. 
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in. 
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7P-. 

in. 

cu. 

ft 

m. 

64 


ILLINOIS    ENGINEERING   EXPERIMENT    STATION 


Fig.  27.     The  Front-end  Arrangement  and  the  Superheater 


Pig.  28.     The  Grates 
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22.  The  Cylinders  and  the  V 'aires. — The  arrangement  of  the 
cylinders  and  the  valves  is  shown  in  Fig.  24.  The  valves  were  driven 
by  a  Baker-Pilliod  gear.  The  following  list  presents  the  principal 
cylinder  and  valve  dimensions  together  with  data  useful  in  interpret- 
ing the  indicator  diagrams : 

Cylinder  diameter,  right  side 
<  Minder  diameter,  left  side   . 
Valve  chamber  diameter,  right  side 
Valve  chamber  diameter,  left  side 
Stroke  of  piston,  both  rides   . 
Piston  rod  diameter,  both  sides   . 
Piston  displacements : 

Right  side,  head  end 

Right  side,  crank  end 

Left  side,  head  end   . 

Left  side,  crank  end  . 


-■> . 

14. 
14. 
32. 

4. 


9. 

9. 
9. 
9. 


771  in. 

767  in. 

0 

0 

0 

0 


in. 
in. 


660  cu.  ft. 

427  cu.  ft. 

657  cu.  ft. 

424  cu.  ft. 


Clearance  volumes — per  cent  of  piston  displacement 


Right  side,  head  end 11 

Right  side,  crank  end 11 

Left  side,  head  end 11 

Left  side,  crank  end 11 


,0  per  cent 
,5  per  cent 
.  1  per 
,4  per 
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APPENDIX  II 

Test  Methods  and  Calculations 
The  test  methods  employed  were,  in  general,  those  outlined  in  the 
"Method  of  Conducting  Locomotive  and  Road  Tests"  as  published  in 
the  Proceedings  of  the  American  Railway  Master  Mechanics'  Asso- 
ciation, Volume  47,  page  538. 

All  tests  were  run  under  one  of  two  sets  of  conditions  as  to  speed 
and  cut-off:  The  "Medium  Rate"  tests  at  a  speed  of  100  revolutions 
per  minute  and  at  33  per  cent  cut-off,  and  the  "High  Rate"  test  at 
a  speed  of  135  revolutions  per  minute  and  at  55  per  cent  cut-off.  The 
test  methods  employed  were  the  same  for  all  tests,  and  throughout 
each  test  all  conditions  subject  to  control  were  maintained  as  nearly 
constant  as  possible.  The  graphical  logs  in  Appendix  III  show  to  what 
extent  uniformity  of  test  conditions  was  obtained  during  tests  2416 
and  2405,  and  these  logs  may  be  taken  as  fairly  representative  of 
test  conditions  for  all  of  the  tests. 

All  instruments  were  known  to  be  correct  within  reasonable  limits 
or  were  calibrated  at  intervals  and  suitable  corrections  applied  to  the 
observed  data.  Observations  were  in  general  taken  every  ten  minutes. 
Indicator  diagrams  were  taken  from  each  end  of  both  cylinders  at 
intervals  varying  from  ten  minutes  on  some  tests  to  forty  minutes  on 
other  tests.  Owing  to  the  uniformity  of  test  conditions  and  to  the  fact 
that  only  two  sets  of  conditions  as  to  speed  and  cut-off  were  employed, 
the  taking  of  indicator  diagrams  more  frequently  was  unnecessary. 
The  locations  of  the  more  important  instruments  and  apparatus  are 
indicated  in  the  figures  in  Appendix  I. 

23.  Duration  of  Tests. — The  tests  varied  in  length  from  58  min- 
utes for  test  2435  to  6  hours  and  17  minutes  for  test  2401.  The  gen- 
eral test  program  contemplated  one  medium  and  one  high  rate  test 
for  each  size  of  coal  during  which  approximately  ten  tons  of  coal 

raid  be  burned  per  test;  and  two  medium  and  two  high  rate 
for  each  grade  of  coal  during  which  approximately  6%  tons 
of  coal  should  be  burned  per  test.  An  examination  of  the  data  shows 
that  during  five  tests  ten  tons  or  more  of  coal  were  burned  per  test; 
that  during  30  tests  the  amount  of  coal  per  test  varied  from  4  to  9 
tons ;  and  that  in  one  test  only  2  tons  of  coal  were  burned.    For  the 

ire  36  tests  the  average  amount  of  coal  burned  was  7  tons  per 
As  an  average  therefore  about  200  pounds  of  coal  per  square 
foot  of  grate  were  burned  per  test. 


TESTS   OF   ILLINOIS   COAL   OX    A    MIKADO    LOCOMOTIVE  67 

24.  Beginning  and  Closing  a  Test. — Fires  were  built  upon  a  clean 

grate  for  each  test.  With  sufficient  steam  pressure,  the  locomotive 
was  started  and  was  gradually  brought  to  the  required  conditions  of 
speed  and  cut-off.  It  was  then  operated  for  a  short  time  under  the 
required  conditions  and  until  a  satisfactoiy  fire  and  a  satisfactory 
boiler  pressure  were  being  maintained.  On  signal  the  ash  pan  and 
cinder  separator  were  closed,  observations  of  water  levels  and  steam 
pressure  were  made,  and  the  test  was  begun.  In  closing  a  test  simul- 
taneous observations  were  made  upon  water  levels,  steam  pressure 
and  condition  of  fire.  The  locomotive  was  then  stopped  as  quickly  as 
conditions  warranted.  As  soon  as  possible  after  stopping,  ashes  were 
removed  from  ash  pan,  and  cinders  from  the  cinder  separator. 

In  all  cases  it  was  endeavored  to  have  the  same  amount  of  com- 
bustible matter  upon  the  grate  at  the  close  as  at  the  start  of  the  test. 
The  removal  of  ash  from  the  fire  in  connection  with  the  closing  of  the 
test  was  primarily  for  the  purpose  of  judging  the  amount  of  combusti- 
ble upon  the  grate  and  not  for  the  purpose  of  collecting  ash.  The  en- 
deavor was  made  to  have  the  boiler  pressure  and  the  water  level  in  the 
boiler  substantially  the  same  at  the  close  as  at  the  be^inniiiy  of  the 
test.     Corrections  were  made  for  such  irregularities  as  occurred. 

25.  Temperatures,  Pressures,  etc. — Temperatures  in  the  firebox 
were  measured  by  a  platinum  and  platinum-rhodium  thermocouple; 
and  front-end  and  superheated  steam  temperatures  by  copper  and 
copper-constantan  couples.  Mercury  thermometers  were  osed  at  other 
points  where  temperature  observations  were  made. 

Boiler  pressure  observations  were  taken  from  a  gauge  located  in 
the  engine  cab.  Draft  pressures  were  measured  by  means  of  "  1  "  tubes 
with  water  or  with  differential  draft  gauges.  Quality  of  steam  was 
determined  by  means  of  a  throttling  calorimeter  fitted  with  a  suitable 
sampling  tube.  During  portions  of  a  few  teats  the  moisture  in  the 
steam  was  so  great  that  it  could  not  be  measured  by  means  of  the  thi 
tling  calorimeter.    Speed  was  measured  by  means  of  a  stroke  counter. 

26.  Fhn  a<is  Sampling  and  Analysis.  Front-end  gas  samples 
were  collected  through  a  sampling  pipe  provided  with  numerous  small 
holes  along  the  pipe  through  which  the  gas  was  drawn.  The  time 
during  which  a  Bingle  sample  was  collected  varied  from  20  to  60  min- 

•utcs.  depending  mainly  upon  the  total  length  of  the  test    The  taking 
of  samples  covered  in  general  the  entire  time  of  the  test    All  samples 
were  collected  over  mercury  and  analyzed  immediately  after  coll 
tion.     The  apparatus  used   for  the  analysis  of  the  flue  was 


6S  ILLINOIS    ENGINEERING   EXPERIMENT    STATION 

Burrell  and  Seibert's  modification  of  Haldane's  apparatus.  The  accu- 
racy of  this  apparatus  is  sufficient  to  distinguish  0.01  per  cent  of  car- 
bon monoxide,  of  methane,  or  of  hydrogen.  In  the  present  work,  CO* 
percentages  were  checked  to  0.02  per  cent  and  unusual  care  was  taken 
both  in  the  collection  of  samples  and  in  the  analysis  in  order  that  reli- 
able data  might  be  secured  regarding  the  percentages  of  carbon 
monoxide,  of  methane,  and  of  hydrogen. 

The  tabulated  data  relating  to  the  composition  of  the  flue  gases,  as 
well  as  the  heat  losses  due  to  methane  and  to  hydrogen,  indicate  that 
under  ordinary  conditions  very  little  of  the  original  heat  of  the  coal 
is  lost  because  of  the  presence  of  these  gases  and  that  only  a  small 
error  will  be  made  if  the  volume  of  these  gases  which  is  present  be 
treated  as  carbon  monoxide  instead  of  as  methane  and  hydrogen. 

27.  Samples  of  Coal,  Ash,  and  Cinders  for  Chemical  Analysis. — 
Following  the  close  of  a  test,  the  ashes  collected  in  the  ash  pan  and  the 
cinders  collected  in  the  cinder  separator  were  weighed  and  sampled. 
Samples  weighing  from  50  to  150  pounds  were  collected  as  the  ash 
and  cinders  were  being  weighed,  a  small  amount  being  taken  from 
each  barrow  load  after  passing  over  the  scales. 

Ninety-five  per  cent  or  more  of  each  cinder  sample  being  smaller 
than  -^q  inch,  the  large  sample  was  thoroughly  mixed  and  reduced 
by  "quartering"  to  a  five-pound  sample.  The  ashes  were  mixed  and 
crushed  to  14-inch  size  and  reduced  to  a  five-pound  sample  by  "quar- 
tering." 

The  general  practice  of  sampling  the  coal  for  chemical  analysis 
was  that  outlined  in  the  1915  Year  Book  of  the  American  Society  for 

ting  Materials.  During  each  test,  as  the  coal  was  loaded  from  the 
bins  into  the  wagons  to  be  transferred  to  the  firing  platform,  amounts 
weighing  approximately  15  pounds  (one  scoopful)  were  placed  in 
sampling  cans.  The  number  of  these  portions  was  so  proportioned 
That  a  total  sample  of  1,000  pounds  would  be  collected  from  the  total 

him   of  coal  fired  during  one  test.     In  the  case  of  the  11/4 -inch 

I  the  2-inch  screenings,  because  of  their  general  uniformity  and 
thorough  mixture  resulting  from  the  process  of  screening  and  loading, 
the  number  of  scoops  of  sample  coal  was  so  proportioned  to  the  gross 

ounl   of  coal   burned  that  total  samples  weighing  approximately 

I  pounds  instead  of  1,000  pounds  were  collected.     For  test  2435" 

pie  of  only  200  pounds  was  collected.     For  all  other  tests  the 

ghed   500   pounds  or  more.     The  average  weight  of  all 

i  for  the  grades  larger  than  screenings  was  885  pounds. 
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Special  care  was  exercised  to  ensure  that  the  coal  selected  for 
samples  was  in  all  respects  representative  of  the  coal  being  fired.  In 
general,  samples  for  the  chemical  laboratory  were  prepared  from  the 
large  samples  immediately  after  collection.  The  samples  were  pre- 
pared largely  by  mechanical  means  which  produced  results  equivalent 
to  the  hand  method  described  in  the  year  book  of  the  American  Soci 
for  Testing  Materials.  The  entire  sample  was  crushed  by  rolls  to 
less  than  1-inch  size,  then  mixed  by  "coning"  and  reduced  by  "long 
pile"  mixing  and  "quartering"  to  from  125  to  250  pounds.  This 
amount  was  then  pulverized  and,  through  quartering,  was  reduced 
to  a  five-pound  sample. 

The  five-pound  samples  of  coal,  ash,  and  cinders  were  submitted  to 
the  chemical  laboratory  for  analysis. 

28.  Chemical  Analysis  of  Coal,  Ash,  and  Cinders. — The  chemical 
analysis  and  heat  determinations  were  made  by  the  United  St;; 
Bureau  of  Mines  at  the  Experiment  Station  Laboratory,  Pittsburgh, 
Pa.  The  methods  of  analysis  and  details  of  the  apparatus  used  by  the 
Bureau  of  Mines  in  analyzing  coal  are  fully  described  in  Technical 
Paper  8  issued  by  the  bureau  in  June,  1913,  and  all  samples  of  coal,  ash 
and  stack  cinders  were  analyzed  in  accordance  with  those  met  hods. 

Proximate  analyses  and  direct  B.  t.  u.  determinations  were  made 
for  the  coal  sample  for  each  test.  One  ultimate  analysis  was  made 
for  each  size  of  coal  tested.  The  ultimate  analyses  were  made  from 
co  nposite  samples.  Bach  composite  sample  was  made  by  combining 
equal  parts  by  weight  from  the  air-dried  samples  representing  the 

-  for  each  grade  of  coal.  The  ultimate  analyses  for  the  individual 
tests  which  appear  in  the  report  are  based  upon  the  percentages  of 

moisture,  ash,  and  sulphur  as  determined  by  the  proximate  anal;. 

and  upon  tlif  assumption  thai  the  percentages  of  carbon,  hydrogen, 
.  and  nitrogen  as  determined  for  the  individual  tests  are  pro- 
portional to  the  percentages  of  carbon,  hydrogen,  oxygen,  and  nitre 
as  determined   for  tie-  composite  samples  of  thai  y  tilth. 

analysis. 

Proximate  analyse,  and  dired  P.  t.  u.  determinations  of  the  cinder 
samples  were  mad-'  for  each  test.     Proximal.'  analyses  were  made  of 
the  ash  sample  for  each  test  and  direel  P.  t.  u.  determinations  v 
mad."  for  each  ash  sample  for  testa  2400  to  2427  inclusive.    For  the  ash 
samples  subsequent  to  tesl  2427,  the  B.  t.  u.  values  were  calculi 
from  an  average  P.  t.  n.  value  for  one  pound  of  moisture  ml  ash- 

IV -ontmit  of  the  ash  samples.    The  average  moisture  nd  ash- 
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free  B.  t.  u.  value  for  all  ash  samples -2400  to  2424  inclusive,  is  14,148 
B.  t.  u.  per  pound,  and  all  ash  samples  subsequent  to  test  2427  have 
B.  t.  u.  values  dependent  upon  this  average  value  and  proportional  to 
the  moisture-free  and  ash-free  content  of  the  individual  samples. 

29.  Samples  of  Coal  for  Mechanical  Analysis. — From  each  car  of 
coal  delivered,  a  sample  was  taken  for  mechanical  analysis  to  deter- 
mine the  grade  percentages  in  each  size  of  coal.  All  samples  were  col- 
lected in  uniform  manner,  the  handling  from  car  to  separating  screens 
being  such  that  approximately  the  same  amount  of  incidental  break- 
age took  place  as  occurred  when  the  regular  firing  coal  was  transferred 
from  the  cars  to  the  firing  platform.  As  each  car  of  the  run  of  mine 
and  the  2-inch  lump  coal  was  unloaded,  every  twentieth  scoopful  and 
every  twentieth  lump  unloaded  by  hand  were  set  aside.  In  the  case 
of  the  other  coals,  which  contained  no  large  lumps,  every  fifteenth 
scoopful  was  set  aside.  The  weight  of  each  sample  collected  was 
about  five  per  cent  of  the  weight  of  the  coal  in  each  car. 

30.  Smoke  Records. — The  Ringelmann  scale  was  used  in  making 
the  smoke  observations.  Nos.  1,  2,  3,  4,  and  5  of  the  Ringelmann  chart 
represent  respectively,  20,  40,  60,  80  and  100  per  cent  of  black  smoke. 
Owing  to  the  large  amount  of  steam  escaping  with  the  stack  gases, 
changes  in  temperature  and  light  greatly  affect  the  appearance  of  the 
smoke  as  regards  its  apparent  blackness.  Due  to  these  and  other 
causes  which  affect  the  value  of  observations  of  this  kind,  the  tabulated 
results  regarding  blackness  of  smoke  should  be  accepted  as  only 
approximately  correct. 

31.  Methods  of  Calculation. — The  methods  used  in  determining 
the  calculated  results  are  in  general  similar  to  the  detailed  methods  of 
r- ale ulation  published  in  Bulletin  No.  82,  University  of  Illinois,  Engi- 
neering Experiment  Station. 

The  calculations  relating  to  heat  losses  due  to  the  presence  of 

hydrogen  and  methane  in  the  escaping  gases  were  based  upon  the 

aination  of  the  amounts  of  these  gases  present  and  upon  heat 

values  of  62100  and  23842  B.  t.  u.  per  pound  for  hydrogen  and  me- 

thai  pectively. 

The  steam  tables  of  G.  A.  Goodenough,  presented  in  "Properties 
of  Steam  ;,,,r]  Ammonia,"  have  been  used  in  all  calculations  pertaining 
to   t},r-    properties   of   steam. 
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Certain  methods  of  calculation  relating  to  the  determination  of 
the  amount  of  superheated  steam  produced  and  the  amount  used  by 
the  engine  are  as  follows : 

Item  409.     Degrees  of  Superheat 

(Branch-pipe  Temperature)  — 
(Temperature  of  Saturated  Steam  at  Branch- 
pipe  pressure). 

Item  644.     Factor  of  Evaporation 

lis  —  ft 


971.7 

H*  =  Total  heat  of  steam  at  branch-pipe  press- 
ure. 
h  =  Heat  of  liquid  due  to  feed  water  temper- 
ature. 
Heat  Transfer  Across  Water  Heating  Surface  per  Minute, 
B.  t.  u. 

Item  633  X  (q  +  xr  —  h)  ->-  60 

q  -f-  xr  —  h  =  the  heat  added  to  each  pound  of  water  evapo- 
rated by  the  boiler  exclusive  of  the  superheater. 
Heat  Transfer  Across  Superheater  Heating  Surface  per  Min- 
ute, B.  t.  u. 

(Pounds  of  steam  to  superheater  per  minute)  X 
(lis  —  q  — xr) 
Hs  —  q  —  xr  =  the  heat  added  to  each  pound  of  steam  pass* 
ing  through  the  superheater. 

[tern  645.     Equivalent  Evaporation  per  Hour,  Pounds. 

[Beal  transfer  per  hour  acro8fl  water  Us    -f- 
(Heat  transfer  per  hour  across  Superheater  HS 
Superheated  Steam  per  Hours,  Pounds. 
Item  645  -:-  Item  644 

Superheated   Steam   to   Engine   per   Hour,    Pounds. 
(Superheated  steam  per  hour)  — 
(Superheated  Bteam   loss  per  hour  du<  alorimeter 

leaks.  Corrections,  etc.) 
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APPENDIX  III 
Tabulated  Data  and  Results 

The  purpose  of  this  appendix  is  to  present,  for  the  sake  of  those 
who  are  interested  in  the  details  of  the  tests,  all  the  data  and  the 
results.     The  appendix  consists  of  sixteen  tables  and  two  figures. 

Tables  11  to  26,  inclusive,  contain  the  results  for  each  of  the  36 
tests  arranged  in  six  groups.  Each  of  the  six  groups  presents  the 
data  and  the  results  for  a  particular  size  of  fuel.  Within  each  group 
the  arrangement  is  such  that  the  medium  rate  tests  precede  the  high 
rate  tests.  The  tests  were  numbered  consecutively  in  the  order 
in  which  they  were  run  and  their  arrangement  within  the  tables  is, 
with  few  exceptions,  also  in  this  order.  Under  each  size  of  fuel 
the  results  of  all  tests  made  at  a  common  rate  of  evaporation  have 
been  averaged  and  these  averages  appear  in  the  tables  in  bold  face 
type.  The  columns  headed  "Test  Number"  and  "Laboratory  Desig- 
nation'' are  repeated  from  table  to  table  to  facilitate  cross  reference. 
The  first  term  of  the  column  headed  "Laboratory  Designation"  indi- 
cates the  kind  of  fuel;  the  second,  the  nominal  speed  in  revolutions 
per  minute;  and  the  third,  the  nominal  cut-off  in  per  cent  of  stroke. 
The  abbreviations  used  in  this  column  are:  M.  R.  for  mine  run; 
2  in.  S.  for  2-inch  screenings;  and  1*4  in.  S.  for  1 14-inch  screenings. 
The  data  and  the  results  are  presented  under  146  column  headings. 
The  numbers  assigned  to  these  columns  are  included  between  344 
and  900  and  they  appear  in  the  tables  in  the  order  of  these  numbers, 
which  are  in  general  the  same  as  those  used  in  the  code  for  testing 
locomotives  published  in  the  Proceedings  of  the  American  Railway 
Master  Mechanics'  Association,  Vol.  47,  p.  538. 

In  Fig.  29  and  Fig.  30  are  shown  graphical  logs  for  tests  2416  and 
2405  respectively,  which  are  fairly  typical  of  all  the  tests.    Test  2416 

medium  rate  test,  during  which  19915  pounds  of  3-inch  by  6-inch 

al  were  fired ;  whereas  No.  2405  is  a  high  rate  test  during  which 

20,000  pounds  of  mine  run  coal  were  fired.    The  lines  plotted  in  these 

two  figures  afford  a  basis  for  judging  of  the  uniformity  of  the  test 

conditions  which  prevailed  during  these  tests. 
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Table  11 
General  Condition- 


Laboratory 
Designation 

Duration 

of  Test, 

Hours 

Speed 

• 

Reverse 

Notches 
from 

Center 

Revolutions 

•alt-nt 

Test 
Ncmber 

Total 

Average 

per 
Minute 

Speed  in 

Miles  per 

Hour 

Piston 

-peed 

in  Feet 

per 

Minute 

Th- 
tie 

Code  Item  fW 

345 

351 

352 

353 

354 

360 

363 

2400 
2401 
2402 

M.  R.- 100-33 
M.  R.-100-33 

M.  R.- 100-33 
Average 

3.62 

6.28 

•      5 .  20 

-'1576 
37439 
31101 

99  4 
99.3 
99.7 
89.6 

18.9 
18.9 
19.0 
18  9 

530 . 1 

28 . 6 

531.7 

530  5 

J 
2 

Full 
Full 
Full 

240") 

M.  R.-135-55 
M.  R.-135-55 
If.  R.-135-66 

Average 

2.72 
2.68 
1  92 

21807 
2 1 687 
1  "..-.29 

133.8 
134.7 
135.0 
134.6 

25.5 
25.6 
25   7 
25  6 

713.6 
718 

720  0 
717  3 

6 

Full 

Full 
Full 

2408 
2400 

-'4  111 

Nut-100-33 
Nut-100-33 
Nut-100-33 
Nut-100-33 

Average 

3.77 
2  3d 
4  33 
4.50 

22528 
13004 
25886 

-'-.782 

99.7 
99.3 
99.6 
99.2 
99  5 

19.0 
18.9 
19.0 
18.9 
19  0 

531.7 

531   2 
529.0 
530  4 

{ 

a 

2 

Full 

Full 
Full 
Full 

2412 
2413 
2414 

Nut- 135-55 
Nut- 135-55 
Nut-135-55 

Average 

2.67 
3.00 
2.00 

21643 

-'1285 
16189 

135.3 
134.9 
134.9 
135.0 

25.8 
25.7 

25  7 

721.6 
719.4 
718   t 
720  1 

6 

:: 

Full 

Full 
Full 



2415 
2416 

Egg- 100-33 
Egg-10<  t-33 

I  >-33 

Average 

3.50 
4.00 

20834 
34822 

741 

88  _' 
99.5 
98.9 
99  2 

18.9 
18.9 
18.8 
18  9 

529.0 

n.6 

-7.4 

529  0 

2 

-' 
- 

Full 
Full 
Full 

2420 
2422 
2424 

Egg-1  •■'-" 

Bct-135-55 

Egg-1- 

Average 

2.00 

_'    17 
1.98 

16214 
17660 
16133 



135.1 
L35.8 

135  •■ 

135  5 

25  8 

720.5 

1  a 

723   2 

722  6 

6 

Full 
Full 

Full 

2417 
2418 
2418 

Lump-100-33 
Lump-1'." 
Lump-1 00-33 

Average 

4.00 
3.67 

23837 
34804 
31018 

99.3 

88  6 
88.5 

18.8 

18  ii 

18  ii 

19  0 

529.6 

531    7 

11   2 

530  8 

2 



Full 
Full 

2425 
2427 

2428 

-'  1 1  _• 

Lump-13" 
Lump- 135- 
Lump-135-56 
Lump-135- 

Average 

LOO 

1    50 
1    83 

J    (XI 

8111 
12104 
1 101 
16071 



135.2 
135 

L36  ii 

133.9 
135  2 

25.7 
26.7 

721.0 
728  7 
721 

714    1 
720  8 

6 

Full 

Full 

2434 

2  in.  S.-Kx 

a  n.  8  -101 

2  In  B  -101 

Average 

3    13 

15671 
184' 

99.8 

88  8 

99  3 

18  ii 
18  7 
18  ii 
18  9 

532  2 

i  a 

529  5 

2 

j 

1    . 

Full 

Full 

2  in.  8  -131 
2  in   8  -135-66 

Average 

1    50 

10870 

i  a  1 33 

134.3 
134  B 

134  5 

25  6 

715.7 
718 
717  3 

6 

2431 

1J  in 

1  i   in     S.-N 

i»  in    B.-li 

Average 

1    77 
1    s; 

8.10 

10608 
LI  184 

is.'.  11 

100  0 
99  8 

18  ii 

18  0 

19  0 

i.3 

532  2 

2 

1    . 
Full 

Full 

j  no 
2441 

li   in    8  -135-55 
ij  in    -    ; 

Average 

1   60 

120) 
12106 

134.0 
134 

1343 

25  6 

714  6 
717 

716  0 

6 
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Table  12 
Temperatures 


Temperature,  Degrees  F. 

Test         Laboratory 
Nctmber      Designation 

Front- 
End 

Laboratory- 

Branch 
Pipe 

Feed 
Water 

Fire- 
Box 

Out- 

Dry  Bulb 

Wet  Bulb 

Door 



Code  Item  |3T" 

367 

368 

369 

370 

373 

374 

2400 
2401 
2402 

M.  R.  -100-33 
M.  R.  -100-33 
M.  R.  -100-33 
Average 

535 
535 
539 
536 

75 
73 
79 
76 

71 
70 

78 

573 
566 
564 
568 

58.9 
56.0 
59.2 
58.0 

1735 
1835 
1812 
1794 

51 
49 
62 

2405 
2406 
2429 

M.  R.-135-55 
M.  R.-135-55 
M.  R.-135-55 
Average 

627 
631 
624 
627 

64 
60 
48 
57 

61 

58 
44 

628 
631 
618 
626 

56.5 
55.6 
55.2 
55.8 

2271 
2334 
2140 
2248 

35 
25 
37 

2408 
2409 
2410 
2426 

Nut-100-33 
Nut-100-33 
Nut-100-33 
Nut-100-33 

Average 

595 
588 
570 
555 
577 

51 
54 
58 
49 
53 

54 
55 
56 

48 

589 
582 
569 
572 
578 

55.2 
55.2 
54.1 
54.9 
54.9 

2090 
2034 
2008 
1967 
2025 

12 
10 
12 
23 

2412 
2413 
2414 

Nut-135-55 
Nut-1 35-55 
Nut-135-55 

Average 

607 
611 
631 
616 

50 
45 
51 
49 

55 
52 
56 

629 
632 
634 
632 

55.7 
54.5 
55.9 
55.4 

2293 
2267 
2174 
2245 

28 
18 
28 

2415 
2416 
2423 

Egg-100-33 
Egg-100-33 
Egg-100-33 

Average 

543 
540 
539 
541 

65 
62 
46 
58 

64 
63 

47 

576 
574 
571 
574 

55.9 
56.2 
54.8 
55.6 

1808 
1801 

1805 

44 
42 

8 

2420 
2422 
2424 

Egg- 135-55 
Egg-1 35-55 
Egg-135-55 

Average 

588 
634 
626 
616 

58 
56 
51 
55 

56 

57 
53 

610 
590 
617 
606 

55.9 
54.7 
55.0 
55.2 

2210 
2278 
2183 
2224 

42 

35 

9 

2417 
2418 
2419 

Lump-100-33 
Lump- 100-33 
Lump-100-33 

Average 

546 
545 
553 
548 

59 
58 
57 
58 

58 
58 
57 

578 
578 
578 
578 

56.0 
57.0 
56.2 
56.4 

1838 
1857 
1849 
1848 

46 
36 
36 

2425 
2427 
2428 
2442 

Lump-135-55 
Lump-135-55 
Lump-135-55 
Lump-135-55 
Average 

618 
625 
635 
637 
629 

46 
50 
43 
49 
47 

47 
46 
42 
42 

595 
578 
603 
616 
598 

56.3 
55.3 
54.4 
54.4 
55  1 

2178 
2308 
2277 
2192 
2239 

24 
26 
24 

18 

2430 

2  in.  B.-100 
2  in.  8.-100-33 
2  in.  8.-100-38 
Average 

549 
541 
549 
546 

56 
48 
62 
55 

48 
46 
49 

583 
584 
578 
582 

56.4 
54.8 
57.1 
56.1 

2010 
1817 
1936 
1921 

29 

—2 
25 

2430 

2  in.  B  -135-55 
2  in.  8  -135-55 

Average 

631 
634 
633 

40 
44 
42 

38 
40 

634 
637 
636 

53.4 
54.1 
53  8 

2078 
2194 
2136 

5 

27 

2431 

H  in.  S.-l 00-33 
li  in. 8.-100-33 
l\  in.  S.-l  00-33 

Average 

551 
544 
543 
546 

63 
76 
59 
66 

59 
66 
54 

589 
591 
572 
584 

57.0 
57.6 
55.3 
56.6 

2003 
1798 
1874 
1892 

48 
60 
13 

2440 
2441 

1|  in.  8.-13 
LJin.fi  -135-55 

Average 

634 
637 

42 
43 
43 

38 
38 

604 
629 
617 

54.1 
54.0 
54  1 

2273 
2234 
2254 

9 
10 
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Table  13 
Pressures 

Laboratory 
Designation 

Pressure  —  lb.  per  sq.  in. 

Draft,  in.  of  Water 

Boiler, 

Average 

Gauge 

Branch 

Pipe 

Average 

Gauge 

Labor- 
atory 
Baro- 
metric 

Front  End 

Fire 
Box 

Test 
Number 

Front 
of  Dia- 
phragm 

Back  of 
Diaphragm 

Ash 
Pan 

Below 
Damper 

Above 
Damper 

Code  Item^f 

380 

383 

388 

394 

395 

396 

397 

2400 
2401 
2402 

M.  R.-10O-33 
M.  R.- 100-33 
M.  R.-100-33 
Average 

190.4 
190.0 

190.2 
190  2 

179 
172 

174 
175 

14.3 
14.3 
14.2 
14  3 

2.8 
2.8 
3.0 
2  9 

2.3 
2.4 
2.5 
2  4 

2.1 
2.1 
2.3 
2  2 

1.2 
1.6 

1.6 

1  4 

0.2 

0  2 
0  2 

2405 
2406 

2429 

M.  R. -135-55 
M.  R.-135- 

M.  R.-1-. 

Average 

187.8 

187  B 

189.4 

188  3 

168 
167 

164 
166 

14.3 
14.2 
14.3 

14  3 

8.4 

8.6 

10.1 

9  0 

6.6 
6.7 
7.8 
7  0 

5.9 
6.0 
7.0 
6  3 

4.2 

4  a 

1  5 
4  3 

0  4 
0.4 
0    l 
0  4 

2408 

2409 
2410 

Nut- 100-33 
Nut-10 

Nut- 100-33 
Nut-  H" 

Average 

189.0 
188.5 
186.2 
1>.9.9 
188  4 

178 
177 
181 
182 
180 

14.2 
14.3 
14.4 

14..') 
14  4 

3.0 
2.9 
2.9 
3.6 
3   1 

2.4 

a  a 

2  5 

2.1 
_'    1 
2  2 

1.4 
1.3 
1    J 

15 

0.2 

0.1 
0  2 

2412 
2413 

2414 

Xut- 135-55 
Nut-1 3 
Nut-1- 

Average 

187.1 
187    1 
187  5 
187  2 

168 
168 
168 
168 

14.5 
14.6 

1  1   5 
14.5 

9.2 
9.2 
9.3 
9  2 

7.3 
7.2 

73 

6.6 
6.4 
6.5 
6  5 

4.6 

1    1 
t   6 
4  5 

0.5 
0  5 

0  5 

2415 
2416 

Egg- 100-33 
Egg-100-33 
Egg-100-33 

Average 

189.9 
189.5 
190.0 
189  8 

ISO 
180 
182 
181 

14.2 
14.2 
14.4 
14  3 

3.6 
3.6 
3.3 
3   5 

3.1 
3.0 
2.7 
2  9 

2.6 

_•   2 
2  5 

1.8 

1    7 
1.4 
1   6 

0.2 
0  2 

2422 

15-55 
Average 

190.1 

189  7 
190.1 

190  0 

171 

170 
17(1 
170 

14.2 

I  1   2 

I I  5 
14  3 

9.5 
9.2 
9.3 
9  3 

7.7 

7    1 

;    i 

7  5 

6.7 

6   i 
6  5 

4.3 
i  0 

1  1 

4   1 

0.5 
0.5 
0.5 
0  5 

2417 

JUs 

Lump-100-33 

Lump-lOO 

Lurnp-100-33 

Average 

189.9 
190   1 
L90  <• 
190  0 

ISO 
L80 
180 

180 

14.2 
li   2 
1  1    1 
14  3 

3.6 
3.5 

3  5 

3.0 

3.0 
3  0 

2.5 
2  5 

1.7 
1    7 
1    7 
17 

0.2 
0  2 

2427 

J  1 1  _' 

Lump 

Lump-135-55 
Lump-135-56 
Lump-135-55 

Average 

190    (1 

186  8 
188  9 

187  3 

L62 
L66 
166 

166 

14.6 
14.4 

1  1    1 
It    1 
14  5 

9.3 

10.0 
9   5 

7.5 
7    1 
7    I 
s   0 
7  5 

6  4 

7  2 
6  7 

4.3 

1    I 
i  6 

4    4 

0  5 

i)    1 

0  4 

2430 

2  in.  S. -100-33 
2  in.  B.-100-33 
a  in.  S.-10I 

Average 

188.6 

190  0 

191  l 

189  9 

181 
LSI 
L82 

181 

14.3 
1  »   5 

14  4 

3.8 
3  7 

3.1 
3   1 

3.1 
2  8 

1.9 

2  0 

0  2 
0   2 

o  a 

0  2 

2  in.  S.- 135-55 
2  in.  B 

Average 

185.3 

186  l 

187  2 

161 
L62 
162 

]  1    1 
1  1    1 
14  4 

9.4 
9  3 

7.6 

7    » 
7  5 

6  5 
6  4 

3  7 
3  8 

0  4 

2431 

11  in.  S.-100-33 
1J  in.   B  -! 
li  in.  B.-10O-33 
Average 

184 

189   l 
187.7 

187  1 

178 
181 
180 

180 

14.4 

1  1    1 
1  I    t 
14  3 

3.5 
3  6 

2.9 
30 

25 

2  6 

1.9 

1    1 

i  a 

1  4 

0.2 
0  2 

M  1 1 

li  in.  8.-135-55 
li  in.  -  -i 

Average 

186.6 
191  o 
188  8 

163 
165 

14.4 
1  1    I 
14  4 

9.6 

9  5 

7.5 
7  6 

8  6 

6  5 

4  0 
3  9 

0.5 
0  6 
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Table  14 
Quality  of  Steam,  Coal,  Cinders  and  Ash,  and  Air  Supply 


Test 
Num- 
ber 

Laboratory 
Designation 

Quality 

of 
Steam 

in 
Dome 

De- 
grees 

of 
Super- 
Heat 

Factor 
of  Cor- 
rection 

for 
Quality 

of 
Steam 

Coal 

Fired 

Total 

lb. 

Dry 

Coal 

Fired 

Total 

lb. 

Com- 
bus- 
tible 
by 
Analy- 
sis 
Total 
lb. 

Ash 

by 
Analy- 
■  sis 
Total 

lb. 

Stack 
Cin- 
ders 

Total 
lb. 

Air 
per 

lb. 

of 
Car- 
bon 
Con- 
sumed 

lb. 

Air 
per 

lb. 

of 
Coal 

as 
Fired 

lb. 

Code  rsa- 
Item    **? 

407         409 

412 

418 

419 

420 

421 

423 

2400  M.  R.-100-33 

2401  M.  R.-100-33 

2402  M.  R.-100-33 

0.9815      194 
0.9791      190 
0.9801      187 
fl   9809.       190 

0.987 
0.985 
0.986 

11399 
20000 
17000 
16133 

10472 
18432 
15628 

9393 
16512 
13960 

1079 
1920 
1668 

360 
592 
529. 
494 

19.5 
19.4 
18.3 
19.1 

12.5 
12.4 
11.7 
12.2 

2405  M.  R.-135-55   0.9628 

2406  M.   R.-135-55   0.9574 
2429    M.   R.-135-55   0.9437 

Average   0  9546 

254 
257 
246 
9.59. 

0.973 
0.969 
0.960 

20000 
18630 
14000 
17543 

18348 
17110 
12824 

16346 
15353 
11390 

2002 
1757 
1434 

1926 
1579 
1247 
1584 

15.6 
15.7 
16.6 
16.0 

8.9 
9.2 
9.5 
9.2 

2408  Nut-100-33        0.9890      210 

2409  Nut-100-33        0.9836      204 

2410  Nut-100-33        0.9840:     189 
2426    Nut-100-33        0.98531     192 

Average   0.9855     199 

0.992 
0.988 
0.989 
0.989 

12955 
7808 
14731 
16310 
12951 

11853 

7125 

13442 

15064 

10702 

6423 

12100 

13550 

1150 

702 

1342 

1514 

236 
169 
311 
482 
300 

17.0 
16.7 
16.6 
16.5 
16.7 

11.2 
10.8 
10.8 
10.8 
10.9 

2412  Nut-135-55        0.9516 

2413  Nut-135-55        0.9470 

2414  Nut-135-55        0.9460 

Average   0.9482 

255 
258 
260 
258 

0.965 
0.962 
0.961 

18683 
20811 
13884 
17793 

17022 
18938 
12647 

15371 
17196 
11452 

1652 
1742 
1195 

1103 

1191 

780 

1025 

14.2 
15.4 
15.8 
15.1 

8.7 
9.6 
9.8 
9.4 

2415  Egg-100-33     i  0.9871 

2416  Egg-100-33        0.9885 
23    Egg-100-33        0.9873 

Average   0 . 9876 

197 
195 
191 
194 

0.991 
0.992 
0.991 

11888 
19915 
13520 
15108 

10875 
18087 
12317 

9922 
16372 
11243 

953 
1715 
1073 

273 
445 
281 
333 

19.7 
20.5 
18.0 
19.4 

12.9 
13.3 
11.8 
12.7 

Egg-135-55        0.9466|     235 

-13.5-.5o        0.9485!     215 

2424    Egg-13.5-.5.5        0.9466J     242 

Average   0  9472     231 

0.962 
0.963 
0.962 

13882 
14996 
14000 
14293 

12666 
13684 
12767 

11514 
12564 
11645 

1152 
1120 
1121 

1001 
1014 
1067 
1027 

16.1 
15.3 
15.4 
15.6 

9.7 
9.5 
9.3 
9.5 

2417 
2419 

Lump-100-33    0.9882      199 

Lurnp-100-33    0.9861      199 

Lump-100-33    0.9852      199 

Average   0  9865     199 

0.992 
0.990 
0.989 

13753 
20537 
13344 
15878 

12470 
18508 
12060 

11243 
16727 
10661 

1227 
1781 
1400 

285 
396 
312 
331 

20.0 
19.5 
18.8 
19.4 

12.6 
12.3 
11.5 
12.1 

Lurnp-13.5-55    0.9440      221 

Lump- 1 3.5-5.5    0.9490     207 

2428    Lump- 13.5-5.5    0.9442      230 

_'442    Lump-135-55    0.9439      243 

Average   0  9453     225 

0.960 
0.963 
0.960 
0.960 

7499 
11775 
14122 
15279 
12169 

6850 
10700 
12816 
13902 

6247 

9617 

11566 

12481 

603 
1083 
1250 
1421 

545 
903 
958 
1189 
899 

15.1 
14.0 
14.7 
15.4 
14.8 

9.3 
7.9 
8.7 
9.0 
8.7 

0-33   0.9803     203 

.'  in  -  -100-33   0.9668     204 

LOO-33    0.9714      198 

Average   0  9728     202 

0.986 
0.976 
0.979 

10000 

11950 

3822 

8591 

9054 

10826 

3478 

7991 
9595 
3073 

1063 

1231 

404 

825 

1058 

360 

748 

17.4 
18.3 
18.1 
17.9 

10.3 
10.7 
10.7 
10.6 

55   0 .  9442     263 

: -5-5.5    0.9439      265 

Average   0  9441      264 

0.960 

0 .  960 

11556 
13254 
12405 

10491 
12041 

9297 
10570 

1194 
1471 

1521 
1975 
1748 

17.1 
15.0 
16.1 

9.4 
7.9 
9  3 

lJin.8.-100-33    0.9794      210 

10  33    0  9801      211 

00  33   0.9681      193 

Average   0  9759     205 

0.985 
0.986 
0.977 

7635 

7813 

13218 

9555 

6998 

7129 

12087 

6281 

6276 

10750 

718 

853 

1336 

1023 
1029 
1430 
1161 

17.1 
18.7 
18.5 
18.1 

9.6 
10.3 
10.5 
10.1 

55   0.9442     232     ,  0.900      14000 

244  1                            ,-,    0.9437      256        0.960       137-50 

Average    0  9440      244                        13875 

12730 
12275 

11234 
10663 

1497 
1612 

2269 
2185 
2227 

14.6 
14.8 
14  7 

7.5 
7.4 
7.5 

! 

1 
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Table  15 
Coal,  Oenvebs,  Ash,  Bmoke    lnd  Btjutdity 


NVm- 

BER 

Laboratory 
Designation 

Stack 

Cinder 

Loss 

Per  Cent 

of  Total 

Coal  as 

1 
tek 

Cinder 

Loss 

Per  Cent 

Of    Total            rp       .„, 

Dry          T°tal 

Ash  fron 

Per 

Cent 

of  Total 

Dry 

Abd  l'.i! 

Per 

Cent 

!  of  Total 

Coal  as 

i 

Per 
Cent 

of  Ash 
by 

Smoke 

Black- 

• 
Ringel- 

Humid- 
ity 
Mois- 
ture 
per  lb. 
Dry 

Fired 

Fired 

Coal 
Fired 

Fired 

Analy- 
sis 

Chart 

Air  lb. 

Code  Item  ^T"' 
M.  R.-100-33 

427 

428 

429 



430 

431 

435 

2400 

3.2 

3.4 

335 

3.2 

2.9 

31.1 

29 

0.016 

2401 

M.  R  -100-33 

3.0 

3.2 

1331 

7.2 

6.7 

69.3 

0.016 

M.  K.-100-33 

3    1 

;  i 

587 

3.8 

3.5 

35.2 

35 

0  1 

Average 

3  1 

3  3 



4.7 

4.4 

45  2 

32 

2405 

M.  R.-135-55 

9.6 

10.5 

1248 

6.8 

6.2 

62.3 

59 

0.011 

2406 

M.  R. -135-55 

8.5 

1272 

7.4 

6.8 

57 

0.010 

M.  R  .-135-55 

8.9 

9.7 

976 

7.6 

7.0 

38 

0.005 

Average 

9  0 

9  8 



7  3 

6  7 

67  6 

51 

2408 

Nut-100-33 

1.8 

2.0 

555 

4.7 

4.3 

48.3 

41 

0.008 

Nut-10 

2.4 

381 

.->   4 

4.9 

AT 

0.009 

J  JIM 

Nut-100-33 

2.1 

1029 

7    7 

7.0 

76  7 

37 

o  009 

Nut-100-33 

3.0 

A.  2 

789 

4.8 

:._'   l 

0.007 

Average 

2  3 

2.5 



5  8 

5.3 

57  9 

36 

2412 

Nut-l 

5.9 

6.5 

1037 

6.1 

5.6 

62.8 

58 

0.008 

Nut-136-55 

S  7 

6.3 

677 

3.3 

38.9 

0    1 

2414 

Nut-l- 

6.2 

865 

6.8 

6.2 

72.4 

0  1 

Average 

| 

5  7 

6  3 

J 

5  5 

5  0 

58  0 

52 

2415 

Egg-100-33 

2.3 

2.5 

690 

6.3 

5.8 

72.4 

1 

0.012 

2418 

Egg-100-33 

J   J 

2.5 

11.-).-) 

6.4 

5.8 

3 

0.012 

Egg-100-33 

2.1 

4.7 

18 

0  0 

Average 

2  2 

2  4 

6  0 

5  4 

66  4 

i 

7 

2420 

Egg- 13.5-55 

7.2 

7.9 

1041 

8.2 

7.5 

0  009 

7    1 

982 

6.6 

^7    7 

u  til.. 

24241 

Egg-i:: 

8.4 

1009 

7.9 

7.2 

90  o 

(i  | 

Average 

7  2 

7  9 



7  8 

7  1 

89  4 

33 

2417 

Lump-100- 

2.1 

2.3 

1017 

8.2 

7.4 

s_>     '< 

3 

0.010 

2418 

Lump- 100-33 

1.9 

_'    1 

L520 

-    J 

7.4 

A 

0.010 

Jl\>j 

Lmnp-100-83 

2.3 

2.6 

1  1  V") 

7 

010 

Average 

2  1 

2  3 

8  7 

7  9 

84  3 

4 

2425 

Lump-136-68 

7.3 

8.0 

199 

2.9 

2.7 

33  0 

45 

0.006 

Lump- 1  ; 

7    7 

8.4 

11    :. 

II  - 

Lump-133-68 

6.8 

inns 

7    0 

7    1 

1, 

Lump-135-66 

7.8 

18 

D04 

Average 

7  4 

8  1 

i 

8  2 

7  7 

82  8 

49 

2430 

2  in.  S. -100-33 

8.3 

9.1 

388 

4  3 

3.9 

22 

0.0 

2  in.  8  -1'" 

\  B 

2  in.  B.-10 

•|    t 

in   4 

1 23 

n 

O.i" 

Average 

8  9 

9  8 



4  4 

4  0 

38  0 

24 

2438 

2  in.   - 

13.2 

14.5 

5.6 

5.1 

49.2 

52 

0  004 

2  in.    - 

l  \  Q 

16   » 

Average 

14  1 

15  5 

6.8 

5  0 

46  3 

55 

li  in.  S.-100-33 

13.4 

14.6 

378 

5.4 

5.0 

52.7 

0.0) 

If  in 

1  >   4 

o  nil 

1  i  in.   8.-10 

Id    s 

11    s 

4.8 

"08 

Average 

12  5 

13  6 

5  1 

4  7 

46  3 

^H 

H  in.  S.-135-55 

1  i  in 

16.2 

17.8 

740 

5.8 

6.8 

49  4 

52 

0.0 

-'ill 

17    s 

Average 

16   1 

17  8 

4  8 

4  3 

38  8 

57 
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Table  16 
Coal  Analysis 


Laboratory 
Designation 

Proximate  Analysis — Coal  as  Fired 

Cal- 
orific 
Value 
per  lb. 
of   Coal 
as 
Fired 
B.t.u. 

Ultimate  Analysis 
Coal  as  Fired 

Test 
X  um- 
ber 

Fixed 
Car- 
bon, 
Per 
Cent 

Vola- 
tile 

Mat- 
ter, 
Per 

Cent 

Mois- 
ture, 
Per 
Cent 

Ash, 
Per 
Cent 

Sul- 
phur 
Sep- 
arately 
Deter- 
mined, 
Per 
Cent 

Car- 
bon, 
Per 

Cent 

Hy- 
dro- 
gen, 
Per 
Cent 

Ni- 
tro- 
gen, 
Per 
Cent 

Oxy- 
gen, 
Per 
Cent 

Code  »-»- 
Item  *^ 

437 

438 

440 

441 

442 

443 

449 

450 

451 

452 

2400  M.  R.-100-33 

2401  M.  R.-100-33 

2402  M.   R. -100-33 

Average 

48.08 
48.51 
46.96 
47.85 

34.32 
34.05 
35.16 
34.51 

8.13 
7.84 
8.07 
8.01 

9.47 
9.60 
9.81 
9.63 

0.93 
0.95 
0.98 
0.95 

11929 
11992 
11885 
11935 

66.90 
67.01 
66.62 
66.84 

4.29 
4.30 
4.28 
4.29 

1.56 
1.56 
1.55 
1.56 

8.73 
8.74 
8.69 
8.72 

2405  ,M.   R.-135-55    47.83 

2406  'M.  R.-135-55   48.56 
2429    M.   R.-135-55,  47.55 

Average   47.98 

33.90 
33.85 
33.81 
33.85 

8.26 

8.16 

8.40 

. .8.27 

10.01- 
9.43 

10.24 
9.89 

0.81 
0.92 
1.09 
0.94 

11752 
11876 
11806 
11811 

66.44 
66.91 
65.91 
66.42 

4.26 
4.29 
4.23 
4.26 

1.55 
1.56 
1.53 
1.55 

8.67 
8.73 
8.60 
8  67 

2408  Xut-100-33     1  47.10 

2409  Xut-100-33     !  47.14 

2410  Xut-100-33     |  46.50 
2426    Xut-100-33     |  48.69 

Average   47  36 

35.51 
35.12 
35.91 
34.39 
34.23 

8.51 
8.75 
8.48 
7.64 
8.35 

8.88 
8.99 
9.11 
9.28 
9.07 

0.83 
1.01 
0.85 
0.82 
0.88 

12002 
11956 
11918 
11992 
11967 

67.60 
67.16 
67.42 
68.00 
67.55 

4.37 
4.34 
4.36 
4.39 
4.37 

1.38 
1.37 
1.38 
1.39 
1.38 

8.43 
8.38 
8.41 
8.48 
8.43 

2412  Xut-135-55        48.28 

2413  Xut-135-55        48.01 

2414  Xut-135-55        48.20 

Average   48  16 

33.99 
34.62 
34.28 
34.30 

8.89 
9.00 
8.91 
8  93 

8.84 
8.37 
8.61 
8.61 

0.86 
0.92 
0.87 
0.88 

11918 
11990 
11923 
11944 

67.29 
67.54 
67.46 
67.43 

4.35 
4.36 
4.36 
4.36 

1.38 
1.38 
1.38 
1.38 

8.39 
8.42 
8.41 
8.41 

2415  Egg-100-33     I  47.89 

2416  Eke- 100-33        48.34 
;    Egg- 100-33      I  48.39 

Average   48.21 

35.57 
33.87 
34.77 
34.74 

8.52 
9.18 
8.90 
8.87 

8.02 
8.61 
7.94 
8.19 

1.29 
0.93 
0.73 
0.98 

12143 
11918 
12100 
12054 

68.18 
67.45 
68.40 
68.01 

4.49 
4.45 
4.51 
4.48 

1.50 
1.49 
1.51 
1.50 

7.99 
7.90 
8.01 
7.97 

2420    Egg-135-55 

_    Egg-135-55 

S-135-55 

Average 

48.65 
49.24 
48 .  83 
48.91 

34.29 
34.54 
34.35 
34.39 

8.76 
8.75 
8.81 
8.77 

8.30 
7.47 
8.01 
7.93 

0.86 
0.92 
0.91 
0.90 

12042 
12175 
12049 
12089 

68.11 
68.76 
68.27 
68.38 

4.49 
4.53 
4.50 
4.51 

1.50 
1.52 
1.51 
1.51 

7.98 
8.05 
8.00 
8.01 

Lump-100-33    46.84  !  34.91 

Lump-100-33    46.36  ]  35.09 

2419    Lump-100-33    40.54      33.35 

Average   46  58      34.45 

9.33 
9.88 
9.62 
9.61 

8.92 

8.67 

10.49 

9.36 

1.06 
0.83 
1.00 
0.96 

11826 
11794 
11601 
11740 

66.26 
66.21 
64.78 
65.75 

4.22 
4.22 
4.13 
4.19. 

1.48 

1.48 

1.45 

.1.47 

8.72 
8.72 
8.53 
8.66 

Lump-135-56    48.06     35.24 
Lump-135-55    47.66     34.01 
Lump-135-55    46.38  '.  3 
Lomp-135-55    48.58  1  33.11 
Average   47.67  1  34.47 

8.66 
9.13 
9.25 
9.01 
9.01 

8.04 
9.20 
8.85 
9.30 
8.85 

0.93 
0.89 
0.82 
0.64 
0.82 

12062 
11776 
11853 
11806 
11874 

67.64 
66.34 
66.58 
66.56 
66.78 

4.31 
4.22 
4.24 
4.24 
4.25 

1.52 
1.49 
1.49 
1.49 
1.50 

8.90 
8.73 
8.76 
8.76 
8.79 

-100-33    48.12 
: 00-33    4- 
Average    48.14 

3 1  .  93 
32 .  ]  7 
32 .  OS 
32.06 

9.41 
9.01 
9  29 

10.63 
10.30 
10.58 
10.50 

0.84 
0.89 
0.74 
0.82 

11542 
11579 
11565 
11562 

65.54 
65.81 
66.04 
65.80 

4.42 
4.44 
4.45 
4.44 

1.47 
1.48 
1.48 
1.48 

7.64 
7.67 
7.70 
7.67 

1  -   70 

L35-55   47  45 

Average    48.05 

31.75 
32 .  30 
32.03 

9.22 
9    16 
9.19 

10.33 
11.10 
10.72 

0.79 
0.97 
0.88 

11592 
11470 
11531 

66.03 
65.30 
65.67 

4.45 
4.40 
4.43 

1.48 
1.47 
1.48 

7.70 
7.61 
7  66 

■    48.13      32.20 

4H  49      32.84 

Average    48.42      32.88 

8 .  75 
8 .  56 
8  55 

9.40 
10.92 
10.11 
10  14 

0.99 
1.07 
0.90 
0.99 

11851 
11543 
11698 
11697 

67.06 
65.40 
66.36 
66.27 

4.45 
4.34 
4.41 
4.40 

1.46 
1.43 
1.45 
1.45 

8.30 
8.09 
8.21 
8  20 

■I      30  64 
Average    47.38      31  52 

9  07 

10  73 

9.90 

10.69 
11.72 
11.21 

0.97 
0.91 
0.94 

11542 
11151 
11347 

65.41 
63.24 
64.33 

4.34 
4.20 
4.27 

1.43 
1.38 
1.41 

8.09 
7.82 
7.96 
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Table  17 
Calorific  Value  of  Coal  and  Cinders,  Analysis  o  i-e.vd  Gases 


Laboratory* 
Designation 

Calorific  Value  B.t.u. 
per  lb. 

Analysis  of  Front  End  Gases — 
per  cent 

Test 

N  D  M 
BER 

Dry 

Coal 

Com- 
bus- 

tible 

Stack 
Cin- 
ders 

Ash 

Car- 
bon 

Mon- 
oxide 

Car- 
bon 

ide 
CO  2 

Ni- 
tro- 
gen 

"      Meth- 
dr°-        ane 

Code  e»~ 
Item  *^ 

458 

459 

462         463         466          467          468          469          470         471 

2400    M.  R.-100-33    121*83 

!    M.   R.-10O-33    1 
2402    M.  K. -100-33    12928 
Average    12975 

14476 
1  \->J'' 
1 1474 

8399      3488        6  47      0.096      12.62 
13     3141        6.32     0.  ll>      12  53      Bl 

20      13  21      M   02 
8511      3108        6   11      0  154      12.76      81  00 

0.020     0.005 
0  009     0  003 
0.000     0.015 

0  010      0  008 

2405  M.   R.-13.5-55    12S11      14380 

2406  M.   R.-135-55    L2933      1  H14 
2429    M.  R.-135-55    12888      14610 

Average    12877  i 

11081      3936        2.79      0.601      16.19                                     '068 

11031         -            2.16      L.100      14.71      32 

10921      4410       3  70     0  307      1  »  54      M   38     0  033 

11011      4066        2  88      0  669      14.81      81.55      0.049      0.040 

2408 
2410 

Nut-100-33 
Nut-100-33 
Nut-100-33 
Nut-100-33 
Average 

13118 
13102 
13023 

129S3 
13057 

1 1535 
1  1461 
14434 

B023 

7585 

B458 

8074 

2633 

2187 
1985 
2502 

4.59 
i   28 

4.11 
1  03 

4  25 

0.440 

0    120 

0  428 

13.98 
14.22 

I  l    16 

II  II 
14  27 

80.89 
80.97 
80  94 

0 . 070      1 

0.047 

0.058      0.034 

0  066      0  039 

2412  Nut-1. ;.-.-".  13081 

2413  Nut-135-55  L3176 

2414  Nut-135-55  13090 

Average  13116 


2415  Egg-100-33  13273 

2416  Egg-100-33  13122 

100-33  13282 

Average  13226 


14485 
1  1512 
1  1456 


1  1549 
14495 
14551 


10728 


3416 
3184 

3336 


7987 

7999 

8105 


3173 
3452 


1  sr, 
2.41 

2  12 


1   575 
0  610 

0  943 


15  09 

15  36 


M     INI 

Bl   94 

81   16 


0  180 

n   155 

0  200 


0.200 
7.12     0.118 

0.1S4 
6  35      0  167 


12  21 
1 1    B5 

13  53 
12.53 


80  69 

80.92  0 

si     Is  I 

80  93  0  013 


0.190 
0  145 


0.000 
0.010 
0  013 


2420    :  55  13198 

2422 

2424  55  13214 

Average  13252 


14519 
1  1535 
1  1486 


10771 
1 1 234 
10584 

10863 


1  126 
4140 


2.91 

2  65 

2  66 


0.390 
0  413 


15  nl 
15.71 

15  53 

15  42 


M   27 
81  40 


o   112 

i)  060 
0  069 


(i  040 
0  035 


.Ml  7 
.Mis 


2427 
2428 


Lump -100-33 

Lump -100-33  13086 

Lump -100-33  12836 

Average  12988 


1  1467 
1  1479 
14521 


7574 
7106 

7464 


3501 


Lump  -135-55 

Lump-]:i'»-."i.'i 
Lump  - 
Lamp  -135-65 
Average 


13061 

l_"<7l 
13050 


14  17'.) 
1  Ills 
L4472 
1  1450 


10917 
10849 

104 1 5 

10753 


3487 

1527 

4295 


0.112 

o    102 

5.88      o   17o 
6.44      0  128 


12    16 
L2  50 

12.52 


015 

80  89      0  007 


1   57 

1  88 


0-33  12748 

I -.;.;  L2782 

-  -100-33  12710 

Average  12747 


9363 


3687 


5    10 

5  22 


0.883 

0   157 

0  256 


15  61 
15  96 
L5  B9 
15  66 


^1   07 

M   48 
M    26 


15  78      81   19 


(t  llii 
(•  1  Ki 
0  167 


L2625 
Average    12697 


2440 

.'111 


-  100-33  L2650 
Average  12791 


1  1409 


10611 
L1018 

10815 


12492 
Average  12592 


1  1407 
1  1371 
I  1384 


10157 
10784 

10482 


10870 
11203 
11037 


1021 

4182 


3  17 


0  577 


4109   4  "ii  ..  340  l 

4504  l-  91  si  17  (i  iil7 

3  13  05  si  [9 

4288    5  36   0  265  13  31  81  05   0  022 


0  008 

0  (110 
0  007 


(I  110 
0  102 


si 

11 

L3  34 

si 

12 

(I   (IK) 

0  000 

13  45 

81 

02 

0  023 

0  019 

- 

I  057 
14  82   81  27   0  105   0  065 


4154 


2  11 

2  02   1  070 


15  62 


sir,   H  177 
80  79   0  245 


(I  IHMI 

ii  013 
0  007 

0  290 
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Table  18 
Water  and  Drawbar  Pull 


Laboratory 
Designation 

Water 

Test 
Num- 
ber 

Delivered 
to  Boiler 

by 
Injectors 

lb. 

Weight  of 

Water  in 

Boiler  at 

Start  of 

Test 

Minus 

Weight 

in  Boiler 

at  Close 

of  Test,  lb. 

Correction 

for 
Change  of 

Water 
Level  and 
Steam 
Pressure 
in  Boiler, 
Start  to 
Close,  lb. 

Loss 

from 

Boiler 

lb. 

1 

Loss        Presum- 
*r°m            ably 
Boiler       Evapor- 

(-'or",           ated 
rected     !        iy, 

lb.                lb- 

Drawbar 

Pull 

lb. 

Code  Item^T* 

476 

477 

478 

479 

480             481 

487 

2400 
2401 

2402 

M.  R.-100-33 
M.  R.-100-33 
M.  R.- 100-33 

Average 

80868 
141151 
119334 

+1110 
—1110 
+  220 

+  794 
—  791 
+  157 

0 
0 
0 

0 
0 
0 

81662 
140360 
119491 
113838 

21970 
21727 
21822 
21840 

2405 
2406 
2429 

M.  R.-135-55 
M.  R.-135-55 
M.  R.-135-55 

Average 

113133 

112494 

80329 

+2060 
+   160 
+2640 

+1377 
+  114 
+  1860 

0 

0 

172 

0 

0 

121 

114510 

112608 

82068 

103062 

28771 
28718 
28672 
28720 

2408 
2409 
2410 
2426 

Nut-100-33 
Xut-100-33 
Xut-100-33 
Xut-100-33 

Average 

88009 

54574 

99995 

111980 

0 

0 

0 

+   180 

—  110 

—  22 

—  43 
+   128 

0 

325 

75 

495 

0 

232 

54 

353 

87899 
54320 
99898 
111755 
88468 

52490 
22411 
22417 
22640 
22490 

2412  Xut-135-55 

2413  Xut-135-55 

2414  Xut-135-55 

Average 

112833 

127417 

83950 

+2950 
+1380 

+  880 

+1856 
+  973 
+  573 

160 
180 
120 

113 
127 

85 

114576 

128263 

84438 

109092 

28958 
29100 
29128 
29062 

2415  Egg-100-33 

2416  Egg-100-33 
2423     Egg-100-33 

Average 

84089 

139492 

96044 

0 
0 

+  180 

0 
—  325 
+  128 

315 
525 
360 

225 
375 
257 

83864 
138792 

95915 
106190 

2284 
23115 
22533 
22829 

2420      Egg-135-55                 84550 

2422      Egg-i:;                        91315 

2424     .Egg-13"                       83485 

Average  

+2740 
+2420 
+3320 

+  1920 
+  1707 
+2330 

120 
130 
120 

85 
92 
85 

86385 
92930 
85730 
88348 

29046 
29030 
29104 
29060 

2417  Lump-100-33 

2418  Lump-100-33 

2419  Lump-100-33 

Average 

96335 

138919 

89522 

—  590 

+  340 

0 

—  422 

+  220 

0 

360 
525 
330 

257 
375 
236 

95656 
138764 

89286 
107902 

23026 
23085 
22983 
23031 

2425      Lump-135-55 

2427  Lump-135-55 

2428  Lump-135-55 
2442      Lump-135-55 

Average 

41743 
60757 
77730 
89495 



+1610 
+3860 
+3130 
+  740 

+  1136 
+2639 
+2125 

+  543 

60 
135 
165 

90 

42 

96 

116 

63 

42837 
63300 
79739 
89975 
68963 

28530 
27909 
28441 
29266 
28537 

2430 
2435 

2430 
2431 

2  in.  8.-100-33 
2  in.  8.-100-33 
2  in.  8.-100-33 
Average 

63153 
74750 
24008 

+  350 
+  1070 
+  500 

+  293 
+  759 
+  376 

150 

141 

45 

107 

100 

32 

63339 
75409 
24342 
54363 

22906 
23091 
23268 
23088 

5-65           55754 
2  in.  B  -135-66          66936 
Average 

+  1970 
—1040 

+  1392 
—  732 

60 
68 

42 
48 

57104 
66156 
61630 

27976 
28938 
28457 

li  in.  8.-100-33;       43907 
Li  in.  8.-100-33 

li  in.  .S  -100-33          7')s73 
Average  

+  360 
+2250 
+  910 

+  257 
+1585 
+  689 

105 
110 
180 

75 

70 
128 

44089 
46202 
77434 
55908 

22332 
22912 
22588 
22611 

H  iri 

H  in    8.-135-55 
Average 

01217 
65872 

+  980 

+   300 

+  725 
+  211 

68 
68 

48 
48 

64894 
66035 
65465 

29061 
29392 
29227 
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Table  19 
Boiler  Performance — Coal  and  Evaporation 


Coal  as  Fired 
lb. 


Dry  Coal 
Fired— lb. 


.  i -oratory 
Ni'«-     Designation      p 

Hour 


Per 

Hour 

per 

Sq.  Ft. 

of 
Grate 
Sur- 
face 


Per 

Hour 


Evaporation 


Per 

Hour 

per 

Sq.  Ft. 

of 
Grate 
Sur- 
face 


Moist 
Steam 

per 
Hour 

lb. 


Superheated  Steam — lb. 


Per 
Hour 


Per 

Hour 

per 

Sq.  Ft. 

of 
Heat- 
ing 
Surface 


Per 
lb.  of 

Dry 
Coal 


Per 
lb.  of 
Coal 

as 
Fired 


Super- 

Heated 

Steam 

to 
Engine 

^ler 
our 
lb. 


Code 
Item 


f^     626        627 


633 


2400 

M. 

R.-100-33 

3151 

45.1 

2895 

41.5 

22577 

2401 

M. 

R.-100-33. 

3183 

2934 

42.0 

M. 

R.-10O-33 

46.8 

3005 

43.1 

Average 

3201 

45  8 

2945 

42  2 

22632 

22565        4 .  84 

22970        4.93 
22621        4  85 


7  68 


7.16 
7.01 

7.02 
7  06 


M.  R.-135-55  7361 

M.  R.-135-55  6944 
2429  M.  R.-l 3 

Average  7203 


105 . 5 
103.2   6607 


96.8 
91.4 
95.9 
94  7 


42 14.'. 
41071 
42811 
42309 


4217»i 
41946 
42  V.  I 
42325 


9.05 
9.00 

9.08 


6.58 
6.41 
6  41 


5.73 
6.04 
5.87 
5  88 


2415    Egg-100-33        3397 
241'',    Egg-100-33 
1-100-33 
Average    3397 


1-   7      3107 
3101 

!■>    4       :-Sh7" 
48  7      3096 


Egg-135-/ 

-55 

Average 


IJin.S    I 
liin  S    li 

Average 


24714 
24861 


5  33        6  38        6  84 


Average 


133  7 
9167  131  3 
9250      132  5 


sis;     121 

8335   119  5   43644 


48664 


B  23 


4  72 


22257 

22533 


42365 

43059 
42386 


Nut-100-33 

3439 

49.3 

3146 

45.1 

23334 

23327 

5.00 

7.42 

6.78 

23195 

Nut- 100-33 

3347  ! 

48.0 

3054 

43.8 

6.95 

Nut-100-33 

3400 

48.7 

3102 

414 

23055 

4.95 

6.78 

Nut-100-33 

51.9 

48.0 

5.33 

7  41 

6.85 

24588 

Average 

3453 

49  5 

3163 

45  3 

23627 

23612 

5  07 

7  47 

6  84 

23469 

2412 

Nut-L. 

71  m  i.- 

100.4 

6382  1 

91  4 

42960 

42964 

9.22 

6.73 

6.13 

42951 

Nut- 13. ">-.'.."> 

99.4 

03 13 

90.4 

9.17 

6.16 

2414 

Nut-1 

6942 

90.6 

42219 

9.06 

6.67 

6.08 

Average 

6961 

99  8 

6340 

90  8 

42644 

42631 

9  15 

6  72 

6  12 

42579 

44 

6 

23961 

23944 

5 

14 

7.71 

7.05 

M 

4 

5 

11 

7.67 

6.97 

44 

1 

5 

1  1 

7  78 

7.09 

44 

3 

23912 

23901 

5 

13 

7  72 

7  04 

23697 

43393 

43309 


24030 


9 

07 

5 

4 

1  » 

4 

9 

26 

5 

47 

4 

96 

42804 

24461 


43112 
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Boiler  Performance 


Table  20 
Evaporation  and  Equivalent  Evaporation 


Laboratory 
Designation 

Steam 
Used 

at 
Calori- 
meter, 
Safety 
Valve, 
Leaks, 
etc. 

Super- 
heated 
Steam 

Loss 

per 

Hour 
due  to 
Calori- 
meter 
Leaks, 

Cor- 
rections 

etc. 
lb. 

Dry 

Equivalent  Evaporation  from  and  at 
212  Degrees  F  — lb. 

Test 
Num- 
ber 

Coal 
Loss 

per 
Hour 
Equiv- 
alent 

to 

Steam 

Loss 

lb. 

Factor 

of 
Evap- 
oration 

Per 

Hour 

Per 

Hour, 
Boiler 
Ex. 
elud- 
ing 
Super- 
Heater 

Per 

Hour, 
Sup- 
er- 
He  at- 

er 
Alone 

Per 
Hour, 

per 
Sq.  Ft. 

of 
Total 
Heat- 
ing 
Sur- 
face 

Per 
Hour, 
per  Sq. 
Ft.  of 
Total 
Heating 
Surface 

Ex- 
cluding 
Super- 
Heater 

Per 

Hour, 

per 
Sq.  Ft. 

of 
Heat- 
Sur- 
face 
Super- 
Heater 
Alone 

Code   j-s»- 
Item    ^^ 

638 

643 

644 

645 

646 

647 

648 

649 

655 

2400  M.   R.-100-33 

2401  M.  R.-100-33 

2402  M.  R.-100-33 

Average 

717 
202 
288 

+  101 
+  78 
+  32 

+  13 
+  10 
+  4 

1.319 
1.319 
1.314 
1.317 

29764 
29451 
30183 
29799 

26867 
26607 
27299 

2897 
2844 
2884 

6.39 
6.32 
6.48 
6.40 

7.40 
7.33 
7.52 

2.81 
2.76 
2.80 

2405  M.  R.-135-55 

2406  ML.  R.-135-55 
2429    M.  R.-135-55 

Average 

87 
685 
426 

—191 
+  199 
—212 

—31 
+30 
—33 

1.352 
1.354 
1.348 
1.351 

57022 
56795 
57767 
57195 

49563 
49190 
49703 

7459 
7605 
8064 

12.24 
12.19 
12.40 
12.28 

13.65 
13.55 
13.69 

7.24 
7.38 
7.83 

240S    Xut-100-33 

2409  Xut-100-33 

2410  Xut-100-33 
2126    Xut-100-33 

Average 

632 

613 

504 

1511 

+122 

+  128 
+  87 
+218 

+  16 
+  17 
+  12 
+29 

1.331 
1.328 
1.321 
1.322 
1.326 

31048 
30881 
30461 
32796 
31297 

28000 
27823 
27597 
29727 

3048 
3058 
2864 
3069 

6.66 
6.63 
6.54 
7.04 
6.72 

7.71 
7.66 
7.60 
8.19 

2.96 
2.97 

2.78 
2.98 

2412  Xut-135-55 

2413  Xut-135-55 

2414  Xut-135-55 

Average 

871 

1115 

383 

+     4 
+154 

—     8 

+   1 
+23 
—  1 

1.353 
1.356 
1.356 
1.355 

58130 
57929 
57236 
57765 

50135 
49766 
49059 

7995 
8163 
8177 

12.47 
12.43 
12.28 
12.39 

13.81 
13.71 
13.51 

7.76 
7.93 
7.94 

2415  Egg-100-33 

2416  Egg-100-33 
2423    Egg-100-33 

Average 

1259 

1537 
1130 

+270 
+  136 

+  184 

+35 

+  18 
+24 

1.323 
1.322 
1.321 
1.322 

31678 
31448 
31665 
31597 

28705 
28530 
28751 

2973 
2918 
2914 

6.80 
6.75 
6.79 
6.78 

7.91 
7.86 
7.92 

2.89 
2.83 
2.83 

2420    Egg-135-55 
g-135-55 
g-135-55 
Average 

657 
384 

—165 

—  75 
—292 

—24 
—11 
—43 

1.343 
1.333 
1.347 
1.341 

58043 
57160 
58328 
57844 

50233 
49960 
50323 

7810 
7200 
8005 

12.46 
12.27 
12.52 
12.42 

13.84 
13.76 
13.86 

7.58 
6.99 

7.77 

2417  Lump-100-33 

2418  Lump-100-33 

2419  Lump-100-33 

Average 

890 

1778 

816 

+  183 
+200 
+  145 

+24 
+27 
+20 

1.324 
1.323 
1.324 
1.324 

31652 
31458 
32227 
31779 

28673 
28453 
29121 

2979 
3005 
3106 

6.79 
6.75 
6.92 
6.82 

7.90 
7.84 
8.02 

2.89 
2.92 
3.02 

Lump-135-55 
7    Lump-135-55 

-    Lurrip-l 

2    Lump-135-55 

Average 

193 
570 
106 

13.54 

—284 
—436 
—334 

+475 

—4.5 
—74 
—53 

+74 

1.334 
1.327 
1.341 
1.348 
1.338 

57214 
56071 
58403 
60539 
58057 

49691 
49164 
50549 
52276 

7523 
6907 
7854 
8263 

12.28 
12.03 
12.53 
12.99 
12.46 

13.69 
13.54 
13.93 
14.40 

7.30 
6.71 
7.63 
8.02 

2430   2  in.  8.-100-33 
100-33 
100-33 

Average 

1961 

1704 
412 

+611 

+226 

+88 
+52 
+32 

1.327 
1.329 
1.323 
1.326 

32010 
31914 
33270 
32398 

28826 
28426 
29780 

3184 
3488 
3490 

6.87 
6.85 
7.14 
6.95 

7.94 
7.83 
8.20 

3.09 
3.39 
3.39 

L35-66 

Average 

711 

+  62 
•  61  ) 

+  11 
+  112 

1 .  359 
1.360 
1.360 

57468 
59814 
58641 

49194 
51249 

8274 
8565 

12.33 
12.84 
12.59 

13 .  55 
14.12 

8.03 
8.32 

2431 

100-33 

10033 

100  33 
Average 

1206 

1202 

1818 

+526 
+249 
+418 

+84 
+38 

1 .  329 
1  .  330 
1.322 
1  327 

33102 
32870 
32961 
32978 

29692 
29448 
29525 

3410 
3422 
3436 

7.10 
7.05 
7.07 
7  07 

8.18 
8.11 
8.13 

3.31 
3.32 
3.34 

2441 

135  55 

L35  55 

Average 

1079 

+439 
+457 

+86 

+85 

1.342 
1  .  355 
1  349 

57956 
59540 
58748 

50272 
51156 

7684 
8384 

12.44 
12.78 
12.61 

13.85 
14.09 

7.46 
8.14 
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Table  21 

Boiler  Performance — Heat  Transp-er,  Equivalent  Evaporation, 
Horse  Power  and  Efficiency 


Test 

Num- 
ber 


Laboratory 
Designation 


Heat 
Trans- 
fer 

H.  S. 

per 

Min. 

B.t.u. 


Heat 
Trans- 
fer 
across 
Super- 
Heater 

H.  S. 
per 

Min. 
B.t.u. 


Per  Cent  of 
Evapor- 
ation by 


Water    Super- 
Heat-     Heat- 
ing 
Sur- 
face 


ing 
Sur- 
face 


Equivalent  Evaporation  from 
and  at  212  degrees  F. — lb. 


Per 

Hour 

per 

Sq.  Ft. 

of 
Grate 
Area 


Per 

lb.  of 

Coal 

as 

Fired 


Per 
lb.  of 
Dry 
Coal 


Boiler 
Per       Horse- 
lb.  of      Power 

I 

bus- 

tible 


Effici- 
ency 

of 

Boiler 

Per 

Cent 


Code 

Item 


656 


657 


658 


659 


660 


DDO 


MOO    M.   R.-100-33  435006 

2401  M.    R.-10  46072 

2402  M.    R.-100-33  442231  46713 

Average  436064  46567 


90.3 
90.3 
90.4 


9.7 
9.7 
9.6 


426.4 
421   9 

432.4 


9.44 
9.25 

9  31 


10.28 

10.04 
10.04 
10  12 


11  \>. 
11.21 
11.24 


M  1 
864 


75    16 

75  77 


2405  M.  R.-135-55  802652  120S11 

2406  M.   R.-135 

M.   R.-135-55  804918  1 

Average  801463  124868 


13   1 
13  4 

14.0 


817.0 


7   75 

8.18 
7.91 
7  95 


8.44 

8.64 
8  66 


9.48 


1646 

It. 7  1 

65  in 

1658 

65  37 

2408  Nut-100-33  49367 

2409  N'ut-100-33 

2410  Nut-100-33  446844     46383 
\'ut-100-33  181531       49709 

Average  458177      48749 


90.2 
90.1 


0  - 
9.9 

9.4 
9.4 


444.8 

4  1 1    1 

469.9 


9.03 
9  07 


9.87 
10.11 

9.80 
9  90 


lu  93 
11  _'_' 
10.91 
LO  B9 


9.-.1 
907 


73   11 

73  63 

67.67 

67   15 

67  50 

75  00 


2412  Nut- 

2413  Nut-135-55 

2414  Nut-135-M 

Average 


812016    129497 

794562    132443 

804259    131388 


13.8 

Ml 
14.3 


832.8 
829.9 
820.0 


8.30 
8.35 
8.24 
8  30 


9.11 
9   18 

9  11 


10.09 
10.11 
10.00 


L659 

1674 


2415    Egg-100-33  46484 

241*',    Kgg-100-33  461940 

100-33  467)632      47191 

Average  464138      47537 


90.6 


'i    I 

9  a 

-       453.7 


- 

-."..")        81479* 
Average    812519 


116617 

124254 


s7    1 


13.5 


9  30 


11.17 

10.14    U. 20 

11    27 

10  21 


912 

916 


818.9 


8  36 
8.26 
8.26 
8  29 


9  09 


1677      66  66 


8417    Lun  p-100-33 

2418  Lump-100-33 

2419  Lump-100-33 

Average 


46077 

171540      50315 

465534      49082 


90.6 
90    1 


l-,l    7 


•J  I. '7 


Lump-135-55 
Lump- 1 
Lump- 1 
Lump- 135-55 
Average 


79617 

- 
816524 


L11869 

123695 


3157S 

2in.S.-100-33    182315 

Average    469931      54866 

— ^ 1 .■ 

.1  1340K 
2437 

Average  813371  136374 


ljin  -  1 1 m i  .. 

Average    478579 


l:;   l 


lit  ■.. 
m  5 


I  i    > 


55436 


2440  i  tin  - 

2441  IJm  - 

Average   821481    130129 


in  8 

in   t 


n    I 


9  00 


lit  15    11   26 

9  '.'1     in  '.<7 
11    us 


S19  7 


17'.    7 


1  I 
57 


9  95 

8.35 

9  16 

7  9) 

8.71 

8  32 

'.»17 
9 1 2 

921      74  49 


8  39 


in  |s 

in  12 

lit  17 
9  25 


-.   71 
6  74 


170  9 


7   43 


7  75 


6  36 


8  47 


7  06 


16 


1755 
L684 


939 


1700 


-.1     17 

■ 
61   93 

70  51 


7    71 


956 

m  n 

1703      54   46 
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Table  22 
Engine  Performance 


Indicated  Horse 

Power 

Least 
Back- 

Cut-Off 

Effective 

Right  Side 

Left  Side 

Test 

Laboratory 

Per 

Pressure 

Pressure 

Num- 

Designation 

Cent 

lb.  per 

lb.  per 

Total 

ber 

of  Stroke 

Sq.  in. 

Sq.  in. 

Head 

Crank 

Head 

Crank 

Average 

Average 

Average 

End 

End 

End 

End 

Code  Item  ^P~ 

678 

707 

708 

709 

710 

711 

°400 

M.  R.-100-33 

2401 

M.  R.-100-33 

34.0 

1.9 

74.1 

308.0 

321.3 

296.9 

298.3 

1224 . 5 

2402 

M.  R.-100-33 

33.0 

2.1 

73.7 

309.3 

320.7 

296.1 

297.5 

1223.6 

Average 

33.5 

2.0 

73.9 

1224.1 



2405 

M.  R.-135-55 

54.3 

11.7 

96.9 

531.8 

567.2 

529.2 

529.5 

2157.7 

2406 

M.  R. -135-55 

53.7 

12.0 

95.9 

528.7 

562.8 

527.0 

533.0 

2151.5 

2429 

M.  R.-135-55 

55.9 

12.9 

97.5 

529.9 

572.3 

546.2 

542.6 

2191.0 

Average 

54.6 

12.2 

96.8 

2166.7 

2408 

Xut-100-33 

33.0 

2.1 

77.9 

327.9 

342.0 

309.0 

314.7 

1293.6 

2409 

Nut-100-33 

32.4 

2.6 

77.8 

327.6 

338.2 

310.6 

310.1 

1286.5 

2410 

Nut-100-33 

31.5 

2.3 

77.2 

326.6 

338.3 

304.9 

311.1 

1280.9 

2426 

Nut-100-33 

31.7 

2.7 

79.6 

332.7 

347.1 

312.7 

321.2 

1313.7 

Average 

32  2 

2.4 

78.1 

1293 . 7 

2412 
2413 

Nut-135-55 

Nut-135-55 

55.7 

11.7 

98.0 

547.6 

576.3 

536.8 

539.6 

2200.3 

2414 

Nut-135-55 

59.3 

11.9 

98.9 

551.5 

581.5 

542.0 

546.8 

2221.8 

Average 

57.5 

11.8 

98.5 

2211 . 1 

2415 

Egg-100-33 

32.4 

2.7 

79.6 

331.7 

350.0 

311.7 

320.3 

1313.7 

2416 

Egg-100-33 

33.3 

2.4 

80.0 

334.2 

351.5 

317.4 

321.2 

1324 . 3 

2423 

Egg-100-33 

32.2 

2.4 

78.4 

330.1 

336.5 

312.6 

311.9 

1291.1 

Average 

32.6 

2.5 

79.3 

1309.7 

2420 

Egg-135-55 

57.2 

13.0 

97.3 

540.4 

571.5 

536.3 

540 . 5 

2188.7 

2422 

Egg- 135-55 

58.2 

13.0 

97.9 

552.5 

580.2 

533.2 

548 . 4 

2214.3 

2424 

Egg-135-55 

56.6 

12.9 

98.3 

547.6 

585.8 

544.0 

542.6 

2220.0 

Average 

57  3 

13.0 

97.8 

2207.7 

2417 

Lump-100-33 

36.3 

2.2 

80.0 

335.5 

350.3 

320.1 

317.3 

1323.2 

2418 

Lump- 100-33 

33.5 

2.6 

80.1 

338.8 

350.8 

320.0 

320.0 

1329.6 

2419 

Lump-100-33 

32.7 

2.8 

79.7 

335.0 

351.9 

314.4 

319.7 

1321.0 

Average 

34  2 

2.5 

79  9 

1324 . 6 

2425 

Lump-135-55 

56.0 

12.2 

97.8 

546.5 

572.3 

535.5 

547.1 

2201.4 

2427 

Lump-135-55 

55.7 

12.5 

96.2 

533.3 

566.8 

532.1 

537.5 

2169.7 

2428 

Lump-135-55 

55 . 1 

12.3 

97.8 

541.3 

571.4 

543.1 

544.7 

2200 . 5 

Lump-135-55 

56.5 

12.0 

98.5 

546.1 

576.5 

535.4 

537.5 

2198.5 

Average 

55  8 

12.3 

97.6 

2192 . 5 

2430 

2  in.  S.-100-33 

32.6 

2.5 

78.5 

328.8 

345 . 5 

313.6 

317.0 

1304.9 

2  in.  8.-100-83 

33.6 

2.8 

80.3 

337.3 

345.0 

321.0 

311.2 

1314.5 

2  in.  8.-100-33 

34.9 

3.0 

82.1 

352.9 

360.0 

331.9 

320.4 

1365.2 

Average 

33  7 

2  8 

80.3 

1328 . 2 

2436 

2  in.  8.-135-55 

56.8 

12.4 

95.2 

527.2 

559.3 

524.4 

515.4 

2126.3 

2  in.  8.- 1- 

56  u 

12.7 

100.0 

563.6 

585.5 

550.9 

543.5 

2243.5 

Average 

56  9 

12  6 

97.6 

2184.9 

11  in.  8.-100-33 

33.9 

2.9 

79.9 

337.2 

353 . 8 

321.9 

317.0 

1329.9 

-100-33 
1J  in.  8.-100-33 

34   0 

3  3 

80.8 

339.4 

356.3 

323.3 

324.1 

1343.1 

3  o 

79.1 

334.3 

342.6 

318.7 

314.6 

1310.2 

Average 

33  7 

3.1 

79.9 

1327.7 

1J  in.  8.-135-55 

11.4 

99.3 

544.5 

580 . 1 

546.7 

544 . 3 

2215.6 

li  in.  B.-l 

12.2 

>M.7 

550.5 

587.3 

544.8 

549.0 

2231.6 

Average 

56  9 

11.8 

99.5 

2223 . 6 
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Table 

General  Locomotive  Perform 


Test 
Num- 
ber 


Consumed  per 

I.  H.  P.  per 

Hour 


Consumed  per 

D.  H.  P.  per 

Hour 


2400  M.  R.-100-33 

2401  M.  R.- 100-33 

2402  M.  R.- 100-33 

Average 


2405  M.  R.-lo  3.14  19.63  |  19".  14  :;  4s  21.68  31766  203.3  90.6 

2406  M.  R.-13I  2.95  19  40  1963.8  3.23  21.25  314".:  1^7   7  91.3  6.09 
M.  H.-135-55  3.07  19.65  1965.2  :i.42  21.91  319G2  221    -  89.7  5.78 

Average  3  05  19  56  1961  1  3.38  21.61  31728  205  6  90  5  5  86 


2408 

_'4K) 


Nut-100-33 
Nut-100-33 
Nut- 100-33 
Nut-100-33 

Average 


2.36 
2.41 

2  43 


17.93 
17.98 
17.93 
18.72 
18.14 


1138 

L139 

1135 


2.75 
2.69 

2.91 
2.77 


20.38 
20.47 
20.26 
21.57 
20  67 


25563 
25524 

26088 

25627 


155.2 
156.8 

117    4 

158  3 


88.0 
87.8 

87  8 


6.73 
7  05 


2414 


Nut-L. 

Nut-135-55 

Nut-1./ 

Average 


.-100-33 
2416    Ll'C-100-33 

Average 


2  86 
2.34 

2  34 


19.34 
19.00 
19  17 


1988.7 
1992 . 2 


3.21 
3.16 
3.17 
3.18 


21.60 
21.36 
21.17 
21  38 


-07.3 
32286   217.1 


90.6 
89.8 
90  2 


18.01  1160  1 

17.86  i; 

b  41  1131.0 

18  09  1149  6 


2.70 
2  67 


26091 
20.21 
21.02 

20  62      26008 


163.6 

160.  1 
160.1 


87  8 


6.07 

<■>    12 

6  11 


7    in 
7  21 


--135-55 
-  v. 

.r-135-55 

Average 

2417  Lump-100-33 

2418  Lump-100-33 
Lump-IOC 

Average 

f.ump-l.V 
2427    Lump-13* 

Lump-13! 
j\\2    Lump-13J 

Average 

2430    2  in.  S.-100-33    I 


2.90 
2  89 


1991.6 
19.40      2001.4 

19  62      1998  8 


3.19 
8.17 

3  20 


21  7 
21  I- 
21  7 
21  67      32100 


197    1 
212.9 

208  9 


2.34  I 

17.92 

1160.7 

2.67  ! 

20.43 

162.5  ; 

87.7 

7  31 

20.17 

L162.2 

2.81 

20.81 

26116 

2  40 

17  99 

1163  8 

2  73 

20  47 

26210 

159  8 

87  9 

7  19 

90  5 


3.13 


1  » 
20 


19.61 
19  87 


1957  7 


3.52 
3.76 


2  in.  B.-100-33 
2  in.  B.-100 

Average 


2  59 


18.02      1 

1^  25      117'.».1 
18  09      1164  0 


2  in    B.-l 
2  in.  8 

Average 


3  59 


1980  4 
19  60      1943  0 


J    M 
Average      2  89 


JIM 


1}  in    - 

Average 


3  71 


Is   71       1111    0 
18  42      1145  3 


1''    t- 

19  39      1992  0 


6  01 


- 

1 

J  .Mi  1 

- 

• 

■ 

22  25 

31960 

234  8 

89  3 

5  46 

^7  7 

87  7 

6  75 

89  0 

4  98 

^7  1 

86  3 

I  <j6 

h  it   | 


•:  M 
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Table  24 
Analysis  of  Ash  and  Stack  Cinders 


Laboratory 

ANALYSIS 

of  Ash 

Analysis  of  Stack  Cinders 

Test 
Xum- 

Fixed 

Vola- 
tile 

Ash, 

Mois- 

Fixed 

Vola- 
tile 

Ash, 

Mois- 

Designation 

Carbon, 

Matter, 

Per 

ture, 

Carbon, 

Matter, 

Per 

ture, 

Per 

Per 

Cent 

Per 

Per 

Per 

Cent 

Per 

Cent 

Cent 

Cent 

Cent 

Cent 

Cent 

Code  Item  |3I 

832 

833 

847 

848 

2400 

M.  R.-100-33 

19.92 

4.63 

74.11 

1.34 

53.88 

4.87 

40.27 

0.98 

2401 

M.  R. -100-33 

18.30 

2.75 

78.85 

0.10 

55.49 

4.28 

39.48 

0.75 

2402 

M.  R.-100-33 

15.42 

3.16 

81.07 

0.35 

55.47 

4.05 

39.78 

0.70 

Average 

17  88 

3.51 

78.01 

0  60 

54.95 

4.40 

39  84 

0.81 

2405 

M.  R. -135-55 

24.48 

3.34 

71.92 

0.26 

73 .  75 

4.08 

21.98 

0.19 

2406 

M.  R.-135-55 

25.34 

2.11 

71.77 

0.78 

73.86 

2.91 

22.80 

0.43 

2429 

M.  R. -135-55 

27.83 

3.35 

67.97 

0.85 

72.91 

3.37 

23.47 

0.25 

Average 

25.88 

2.93 

70.55 

0.63 

73.51 

3.45 

22.75 

0.29 

2408 

Xut-100-33 

16.64 

2.26 

76.82 

4.28 

51.75 

4.73 

42.27 

1.25 

2409 

Xut-100-33 

21.25 

2.50 

73.68 

2.57 

48.87 

4.47 

42.69 

3.97 

2410 

Xut-100-33 

14.03 

2.08 

82.56 

1.33 

52.04 

5.57 

40.94 

1.45 

2426 

Xut-100-33 

13.65 

1.70 

77.29 

7.36 

56.35 

3.55 

39.08 

1.02 

Average 

16  39 

2.14 

77.59 

3.89 

52.25 

4.58 

41.25 

1.92 

2412 

Xut-135-55 

21.86 

1.50 

76.39 

0.25 

74.99 

1.87 

23.02 

0.12 

2413 

Xut- 135-55 

21.35 

1.83 

75.32 

1.50 

73.36 

2.15 

24.37 

0.12 

2414 

Xut-135-55 

22.43 

1.45 

75.92 

0.20 

71.77 

2.80 

25.39 

0.04 

Average 

21  88 

1.59 

75.88 

0.65 

73  37 

2.27 

24.26 

0.09 

2415 

Egg-100-33 

19.88 

2.51 

77.26 

0.35 

51.03 

4.10 

44.84 

0.03 

2416 

Egg-100-33 

21.28 

2.62 

73.93 

2.17 

52.30 

4.33 

43.00 

0.37 

2423 

Egg-100-33 

24.21 

2.70 

72.38 

0.71 

55.04 

3.94 

39.13 

1.89 

Average 

21.79 

2.61 

74.52 

1.08 

52.79 

4.12 

42.32 

0.76 

2420 

Egg-135-55 

31.55 

2.00 

66.23 

0.22 

74.44 

2.67 

22.78 

0.11 

2422 

Egg-135-55 

22.16 

1.32 

76.26 

0.26 

77.32 

2.04 

20.60 

0.04 

2424 

Egg-135-55 

28.48 

2.27 

69.20 

0.05 

71.82 

3.31 

24.70 

0.17 

Average 

27.40 

1.86 

70.56 

0.18 

74  53 

2.67 

22.69 

0.11 

2417 

Lump- 100-33 

22.39 

1.95 

75.55 

0.11 

48.94 

5.02 

45.49 

0.55 

Lump-100-33 

21.64 

4.14 

72.54 

1.68 

48.27 

4.88 

46.26 

0.59 

2419 

Lump-100-33 

21.31 

2.88 

74.06 

1.75 

44.59 

5.11 

48.59 

1.71 

Average 

21.78 

2.99 

74.05 

1.18 

47.27 

5.00 

46.78 

0.95 

242.5 

Lump- 135-5.5 

22 .  45 

2.39 

67.76 

7.40 

73.00 

2.84 

24.05 

0.11 

Lump-135-55 

32 .  52 

1.42 

65 .  98 

0.08 

73.56 

2.88 

23.28 

0.28 

Lump-135-55 

28.99 

1.38 

69.58 

0.05 

73.61 

2.26 

23.93 

0.20 

Lump-135-55 

29.61 

2.38 

66.77 

1.24 

69.58 

3.22 

26.92 

0.28 

Average 

28  39 

1  89 

67.52 

2  19 

72.44 

2  80 

24  55 

0.22 

2430 

2  in.  S. -100-33 

20 .  33 

5.64 

65.86 

8.17 

61.08 

5.43 

32.37 

1.12 

2  in  6.-100-33 

19.71 

6.52 

71.22 

2.55 

61.57 

5.85 

31.75 

0.83 

2  in.  8.-100-33 

19.30 

6.69 

57.81 

16.20 

58.19 

6.24 

34.14 

1.43 

Average 

19  78 

6  28 

64  96 

8  97 

60  28 

5.84 

32.75 

1.13 

2436 

2  in.  B.-13S 

26.39 

4.31 

68.14 

1.16 

66.06 

8.14 

25.64 

0.16 

"-.5.5 

23.16 

5.26 

70.09 

1.49 

63.32 

13.67 

19.88 

3.13 

Average 

24  78 

4  79 

69  12 

1.33 

64  69 

10.91 

22.76 

1.65 

2431 

H  in.  8.-100-33 

21 

7.66 

69.41 

1.55 

65.98 

7.13 

26.44 

0.45 

li  in.  8.-100-33 

2] 

10.17 

61.67 

6.50 

63.95 

7.06 

28.48 

0.51 

li  in.  8  -100-33 

23.01 

7.04 

67.85 

2.10 

69.86 

5.90 

23.75 

0.49 

Average 

22  02 

8  29 

66  31 

3  38 

66  60 

6  70 

26  22 

0.48 

2440 

1J  in 

21.23 

5.89 

69 .  56 

3.32 

67 .  35 

8.54 

23.87 

0.24 

2 » .  50 

7.09 

66.24 

2.17 

69 .  57 

8.47 

21.50 

0.46 

Average 

22.87 

6  49 

67  90 

2  75 

68  46 

8  51 

22  69 

0.35 
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Table  25 
Heat  Balance  — British  Thermal  Units 


Num- 
ber 


Laboratory 
nation 


B.t.u. 
Ab- 
sorbed 

by 
Boiler 
per  lb. 

of 
Coal 

as 
Pired 


B.t.u.  Loss  per  Pound  of  Coal  as  Fired 


Due 
to 

ture 

in 

Coal 


Due 

Mois- 
ture 

in 

Air 


Due 

to 
Hy- 
dro- 
gen 

in 
Coal 


Due 
to 
Es- 
cap- 
ing 
Gases 


Due  to  Incomplete 

.hu>tion 


CO 


II 


CH 


Due 

to 

Com- 

tible 

in 
Stack 

Cin- 
ders 


Due 

to 
Com- 
bus- 
tible 

in 


Due 

to 
Radi- 
ation, 

iod 
Unac- 
count- 

ed 

for 


Code 
Item 


I*-        851 


852        853        854        855 


858 


860        869 


2400    M.   R.-10O-33  9173 

_'4(U     M.    II.- 100-33  8988 

\I.   R.- 100-33  8969 

Average  9043 


L02       4.' 
41 
102 
101        45 


483 

}s? 
}s_< 
484 


L419 
1408 
1331 

1386 


7( 

107 
77 


11 

0 
5 


8 
5 

12 


262 


103 
135 


421 

385 


2405    M.   R.-135-55  7531 

M.   R -135-55  7949 

M    R.-135-55  7686 

Average  7722 


109 

ins  24 

112  13 

110  21 


187 

198 

497 


1286 
1342 

1289 


416         8 

120        14 

253        19 


7s 
24 
40 

47 


L067 

991 


272 


714 

7iH 
591 


146 

113 

174 

153 

184 

130 

Nut-1 00-33 

Nut-100-33 

2410    Nut-100-33 

Nut-100-33 

Average 


B775 

8969 
8706 
S794 
8811 


2413  Nut- 13"- 

2414  Nul 
Average 


8065 
8114 

8062 


112 

114 

110 

99 

109 


23 

18 
42 


503 
498 

499 


1 365 
1414 


204 

214 
168 
L89 
194 


33 
20 
27 

30 


.'.I 
71 

55 


539 
521 


117  17 
119  16 

lis  21 

118  18 


475 

471 

483 


1199 

L384 

1306 


241   106 
258   63 

356    78 


171 


619 

617 


190 
104 
212 

169 


707 

565 


184 

1st 

17s 

180 

178 

186 

2415  Egg-100-33  9066 

2416  Egg-100-33 

g-100-33  9106 

Average  9040 


117 

115    is 

114    30 


1526 

."» 1  _' 

.'.-'I   L437 

513   1509 


108 

16 

0 

90 

5 

88 

7 

0 
15 

21 


140 

368 

740 


8123    114  1259 

--..->  6     lie 

117  1324 

Average   8058    116  22    524   1313 


17s    n 

173 

169    27 


31 

is 
43 


777 

807 

781 


219 

296 


2417    Lump  -100-33 

8949 

120 

29 

59 

0 

13 

160 

i    Lump-ll 

127 

1  JH» 

Lamp  -100-33 

128 

27 

mi 

i 

15 

Average 

8745 

125 

28 

487 

1470 

64 

3 

10 

157 

276 

374 

Lump-] 

7414 

115 

16 

489 

i:;o-» 

266 

54 

131 

.     Lump-i; 

121 

1-' 

1115 

12 

i    Lump-] 

124 

13 

1274 

311 

61 

in.; 

2    Lump-1 

10 

127 

15 

Average 

7354 

120 

13 

496 

1251 

309 

33 

64 

792 

337 

1107 

243o                  :  00-33 

122 

13 

500 

141 

24 

57 

776 

•    2  in   -  -i 

121 

15 

513 

70 

is 

115 

11 

.".  1  _• 

124 

1 

0 

lis 

Average 

8153 

119 

13 

508 

1279 

112 

10 

25 

147 

369 

2436    2  in.  S.-l 

124 

11 

195 

."< 

1 35-56 

61  » 

1  L50 

Average 

6549 

123 

10 

517 

1254 

204 

37 

73 

1519 

207 

1039 

100  3  ■ 

7443 

107 

21 

1160 

0 

0 

_'i  1. 1 

SI  J  1 

111 

11  SO 

. 

7511 

Ml) 

19 

100 

Is 

Average 

7527 

109 

22 

502 

1197 

111 

9 

9 

1304 

199 

707 

2440    liin.8.  1 

fy    ,1 

122 

8 

IM 

lltsj 

2441    l$u    - 

1  ll 

- 

J -Ml 

His.' 

147 

Average 

6175 

133 

8 

466 

1082 

328 

76 

175 

867 

B8 
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Table  26 
Heat  Balance  — Percentage 


Per  Cent 

of  Heat  of  Coal  as  Fired 

To  Incomplete 

Combustion 

To 

To 

Laboratory 

Ab- 

To 

To 

To 
Hy- 

To 
Es- 
cap- 
ing 
Gases 

Com- 
bus- 

To 
Com- 

Radi- 
ation 

Test 
Num- 
ber 

Designation 

sorbed 

by 
Boiler 

Mois- 
ture 
in 
Coal 

Mois- 
ture 
in 
Air 

dro- 

gen 

in 

Coal 

CO 

H 

2 

CH 

4 

tible 

in 
Stack 
Cin- 

bus- 
tible 

in 

Ash 

and 
Unac- 
count- 
ed 

ders 

for 

Code  •<»> 
Item  *^ 

881 

882 

883 

884 

885 

888 

890 

899 

2400  !-M.  R.-100-33 

76.9 

0.9 

0.4 

4.0 

11.9 

0.4 

0.1 

0.1 

2.2 

0.9 

2.2 

2401 

M.  R.-1O0-33 

75.0 

0.8 

0.3 

4.1 

11.7 

0.6 

0.0 

0.0 

2.1 

1.7 

3.7 

2402 

M.  R.-10O-33 

75.5 

0.9 

0.4 

4.1 

11.2 

0.9 

0.0 

0.2 

2.2 

0.8 

3.8 

Average 

75.8 

0.9 

0.4 

4.1 

11.6 

0.6 

0.0 

0.1 

2.2 

1.1 

3.2 

2405 

M.  R.-135-55 

64.1 

0.9 

0.2 

4.1 

10.5 

1.9 

0.3 

0.7 

9.1 

2.1 

6.1 

2406 

M.  R.-135-55 

66.9 

0.9 

0.2 

4.3 

10.8 

3.5 

0.1 

0.2 

7.9 

2.2 

3.0 

2429    M.  R.-135-55 

65.1 

1.0 

0.1 

4.2 

11.4 

1.0 

0.1 

0.3 

8.2 

2.6 

6.0 

Average 

65.4 

0.9 

0.2 

4.2 

10.9 

2.1 

0.2 

0.4 

8.4 

2.3 

5.0 

2408    Xut-100-33 

73.1 

0.9 

0.2 

4.2 

12.5 

1.7 

0.3 

0.4 

1.2 

0.9 

4.6 

2409    Xut-100-33 

75.0 

1.0 

0.2 

4.2 

12.0 

1.8 

0.2 

0.6 

1.4 

1.3 

2.3 

2410    Xut-100-33 

73.1 

0.9 

0.2 

4.2 

11.5 

1.4 

0.2 

0.4 

1.5 

1.3 

5.3 

2426    Xut-100-33 

73.3 

0.8 

0.1 

4.2 

11.3 

1.6 

0.3 

0.4 

2.1 

0.8 

5.1 

Average 

73.6 

0.9 

0.2 

4.2 

11.8 

1.6 

0.3 

0.5 

1.6 

1.1 

4.3 

2412    Xut-135-55 

67.7 

1.0 

0.1 

4.0 

10.1 

4.8 

0.6 

1.9 

5.3 

1.6 

2.9 

2413    Xut^l35-55 

67.7 

1.0 

0.1 

3.9 

11.1 

2.0 

0.9 

2.0 

5.2 

0.9 

5.2 

2414 

Xut-135-55 

67.2 

1.0 

0.2 

4.2 

11.6 

2.2 

0.5 

0.4 

5.0 

1.8 

5.9 

Average 

67.5 

1.0 

0.1 

4.0 

10.9 

3.0 

0.7 

1.4 

5.2 

1.4 

4.7 

2415 

Egg-100-33 

74.7 

0.9 

0.3 

4.2 

12.6 

0.9 

0.1 

0.4 

1.5 

1.5 

2.9 

2416 

Egg-100-33 

75.1 

1.0 

0.3 

4.3 

13.1 

0.6 

0.0 

0.0 

1.5 

1.6 

2.5 

2423 

Egg-100-33 

75.3 

1.0 

0.2 

4.3 

11.9 

0.7 

0.0 

0.1 

1.4 

1.5 

3.6 

Average 

75.0 

1.0 

0.3 

4.3 

12.5 

0.7 

0.0 

0.2 

1.5 

1.5 

3.0 

2420    Egg-135-55 

67.5 

1.0 

0.2 

4.3 

10.4 

1.5 

0.1 

0.3 

6.5 

2.9 

5.3 

2422    Egg-135-55 

65.9 

1.0 

0.2 

4.3 

11.1 

1.3 

0.4 

0.4 

6.2 

1.8 

7.4 

2424 

Egg-135-55 

66.6 

1.0 

0.2 

4.4 

11.0 

1.4 

0.2 

0.4 

6.7 

2.7 

5.4 

Average 

66.7 

1.0 

0  2 

4  3 

10.8 

1.4 

0.2 

0.4 

6.5 

2.5 

6.0 

2417    Lump  -100-33 

75.7 

1.0 

0.2 

4.1 

12.8 

0.5 

0.0 

0.1 

1.4 

2.2 

2.0 

2418 

Lump -100-33 

73.6 

1.1 

0.2 

4.1 

12.5 

0.4 

0.0 

0.0 

1.2 

2.3 

4.6 

2419 

Lump -100-33 

74.2 

1.1 

0.2 

4.2 

12.2 

0.7 

0.1 

0.1 

1.4 

2.6 

3.2 

Average 

74.5 

1.1 

0.2 

4.1 

12.5 

0.5 

0.0 

0.1 

1.3 

2.4 

3  3 

2425    Lump -135-56 

61.5 

1.0 

0.1 

4.1 

10.9 

2.2 

0.5 

1.1 

6.6 

0.8 

11.2 

.7   Lump -135-56 

58.9 

1.0 

0.1 

4.2 

9.5 

4.5 

0.1 

0.2 

7.1 

4.7 

9.7 

28    Lump -135-55 

62.1 

1.0 

0.1 

4.2 

10.8 

2.6 

0.4 

0.6 

6.2 

2.6 

9.4 

!  35-66 

63  2 

1.0 

0.1 

4.3 

11.0 

1.1 

0.1 

0.3 

6.9 

3.3 

6.7 

Average 

61  9 

1.0 

0  1 

4.2 

10.6 

2.6 

0.3 

0.6 

6.7 

2.9 

9.3 

a.8.-100-33 

70.6 

1.1 

0.1 

4.3 

10.8 

1.2 

0.2 

0.5 

6.7 

1.2 

3.3 

- 1 0O-3S 

70.2 

1.1 

0.1 

4.4 

11.3 

0.6 

0.0 

0.2 

7.3 

1.6 

3.2 

;  00-32 

70  8 

1.0 

0.1 

4.4 

11.1 

1.1 

0.0 

0.0 

7.4 

1.0 

3.1 

Average 

70  5 

1.1 

0.1 

4.4 

11.1 

1.0 

0.1 

0.2 

7.1 

1.3 

3.2 

2436 

2  in.  8.-135-56 

66  3 

1.1 

0.1 

4.5 

11.7 

1.7 

0.3 

0.8 

12.1 

1.9 

9.5 

- 1 35-56 

1.1 

0.1 

4.5 

10.0 

1.9 

0.4 

0.5 

14.3 

1.7 

8.1 

Average 

66  9 

1.1 

0.1 

4  5 

10.9 

1.8 

0.4 

0.7 

13.2 

1.8 

8.8 

24.'-: 

62.8 

0.9 

0.2 

4.3 

9.8 

1.2 

0.0 

0.0 

11.9 

1.7 

7.2 

100-33 

1.0 

0.2 

4.3 

10.2 

0.8 

0.1 

0.1 

11.6 

1.7 

3.9 

100-33 

0   <., 

0.2 

4.3 

10.7 

0.9 

0.2 

0.2 

10.0 

1.8 

6.6 

Average 

64  4 

0  9 

0.2 

4  3 

10  2 

1.0 

0.1 

0.1 

11  2 

1.7 

5.9 

2440 

1.1 

0.1 

3.9 

9.4 

3.7 

0.9 

3.7 

15.3 

1.8 

7.8 

2441 

1    A 

0    1 

9.7 

2.1 

0 . 5 

1.2 

16.0 

1.3 

6.9 

Average 

54  5 

1  2 

0  1 

4  1 

9  6 

2  9 

0.7 

2  5 

15  7 

1.6 

7.4 
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Vic.  30.     Graphical  Log  for  High  Rate  Test  No.  2405 
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APPENDIX  IV 

Cylinder  Performance 
The  main  purpose  of  the  tests  entailed  the  definition  of  the  boiler 
performance  at  only  two  rates  of  evaporation.    This  necessitated  1 
under  only  two  conditions  of  speed  and  cut-off,  which  presented  but 
little  opportunity  to  gather  data  concerning  the  performance  of  the 
cylinders.     Indicator  cards  were  taken  during  all  tests,  under  ti 
conditions;  but  it  proved  impracticable  to  hold  the  locomotive  for 
the  determination  of  cylinder  performance  at  other  speeds  and  cut- 
offs, as  had  been  originally  intended.    The  available  facts  concerning 
cylinder  performance  are  presented  in  detail  for  each   of  the  tests 
in  Tables  17,  21  and  22  of  Appendix  III,  and  their  average  values 
at  both  combinations  of  speed  and  cut-off  are  stated  in  the  following 
sections.     Representative  indicator  cards  are  reproduced  in   Fig.  31} 
and  the  data  relating  to  them  appear  in  Table  27. 

32.  Medium  Hate  Tests. — All  medium  rate  tests  were  run  with 
the  reverse-lever  in  the  second  notch  from  the  center  of  the  quadrant, 
giving  a  cut-off  of  about  33  per  cent.  The  speed  was  maintained 
as  nearly  as  possible  at  100  revolutions  per  minute,  which  is  equiva- 
lent to  19.0  miles  per  hour  on  the  road. 

The   average   indicated   horse   power   was    1305.      It   varied    fir 
1224  to   1365. 

The  average  drawbar  pnll  was  22640  pounds.  The  average  indi- 
cated horse  power  consumed  in  machine  friction  was  160. 

The  Bteam  consumed  per  indicated  horse  power  per  hour  varied 
from  a  minimum  of  17.73  pounds  to  a  maximum  of  18.74  pounds; 
and  the  average  for  all  medium  rate  tests  was  18.18  pounds. 

:;.-:.  High  Rati  Tests. — All  high  rate  tests  were  run  with  the 
reverse-lever  in  the  sixth  notch  from  the  center,  giving  a  cut-ofl  of 
about  55  per  cent.  The  speed  was  maintained  as  nearly  as  possible 
at  135  revolutions  per  minute,  which  is  equivalent  to  25.7  miles  per 
hour. 

The  average  indicated  horse  power  was  2196.  It  varied  from  2126 
to  2243. 

The  average  drawbar  pull  was  28826  pounds.  The  average  indi- 
cated horse  power  consumed  in  machine  friction  was  2 

The  steam  consumed  per  indicated  horse  power  per  lour  vai 

from   a   minimum   of   19.00    pounds   to  a   maximum   of   20.24    pounds; 

the  average  for  all  high  rate  teats  was  19  ~>s  pounds. 
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34.  Variations  in  Power. — Despite  the  fact  that  both  the  reverse- 
lever  position  and  the  speed  were  maintained  constant  during  all 
medium  rate  and  during  all  high  rate  tests,  there  was  during  the 
progress  of  the  work  considerable  variation  in  indicated  horse  power  in 
both  groups.  In  general  the  power  increased  as  time  went  on.  An 
almost  identical  variation  occurs  in  the  areas  of  the  indicator  cards. 
Neither  the  variations  in  water  rate  nor  in  superheat  offer  an  adequate 
explanation  for  these  facts.  It  is  assumed  that  they  are  due  chiefly 
to  changes  in  steam  distribution  brought  about  by  wear  in  the  valve 
gear. 


200 


--   100 


--   100 


Fig.  31.     Representative  Indicator  Diagrams  for  Both  the  Medium 
and  the  High  Rate  Tests 


Table  27 
Lnformatio  erning  the  Indicator  Diagrams  Shown  in  Fig.  37 


Right  or 
Left  Side 

Head  or 
Crank  End 

Average 
Cut-off 

for 

Test 
Per  Cent 

Average  Speed  for  Test 

Test         Laboratory        Diagram 
u-        Designation             Xo. 

BER 

Miles  per 
Hour 

Revolutions 
per  Minute 

2410        Egg- 100-33                 1 

241»i        Egg-ll                          2 

10-33                3 

2410        1.                                 4 

R 
R 
L 
L 

H 
C 
H 
C 

31.0 
33.8 
36.0 
32.3 

18.94 
18.94 
18.94 
18.94 

99.5 
99.5 
99.5 
99.5 

2405        M.  R  -135-55    '         5 

'--.-,             7 

H 

R 
R 
L 
L 

H 
C 
H 
C 

49.9 
58.8 
55.0 
53.4 

25.47 
25.47 
25.47 
25.47 

133.8 
133.8 
133.8 
133.8 
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APPENDIX  V 

Comparison  of  Long  and  Short  Tests 

In  connection  with  this  series  of  tests,  the  question  arose  as  to  the 
liability  or  necessity  of  running  tests  of  such  a  length  that  the 
amount  of  coal  burned  would  be  about  the  same  as  a  freight  locomo- 
tive would  burn  in  making  a  trip  over  an  ordinary  railroad  division. 
This  included  questions  such  as  that  concerning  the  relative  reliability 
of  short  tests  burning  from  4  to  6  tons  of  coal,  and  of  Longer  I 
burning  from  10  to  12  tons ;  and  that  of  the  relative  performance 
during  the  first,  middle  and  last  parts  of  a  test  burning  10  or  12  tons 
of  coal. 

In  order  to  determine  to  some  extent  the  difference  in  boiler  per- 
formance which  might  occur  during  short  and  long  tests  and  during 
different  parts  of  a  test,  the  observations  were  so  taken  that  the  exact 
amount  of  water  evaporated  by  the  boiler  could  be  determined  for 
intervals  corresponding  to  the  firing  of  each  2000  pounds  of  coal  dur- 
ing the  medium  rate  tests,  and  corresponding  to  the  firing  of  each 
4000  pounds  of  coal  during  the  high  rate  tests. 

For  the  purpose  of  making  comparisons,  six  tests — three  at  the 
iium   rate  and  three  at  the  high   rate — have  been  selected   and 
divided  into  shorter  tests.    From  8y2  to  10y2  tons  of  coal  were  burned 
during  each  of  these  six  tests.    The  test  data  for  each  entire  test  v. 
divided  into  three  parts,  resulting  in  data  for  eighteen  comparatively 
short  tests  together  with  the  data  for  the  six  original  tests.     With  the 
data  and  results  of  the  24  tests  thus  obtained  it  is  possible  to  make 
the  following  comparisons:     First,   between   Long  and   shorl 
second,  between   the  first,  middle  and  last   portions  of  a   given  to 
and  thir.l.  between  the  different  portions  and  the  entire  test. 

Table  28  presents  the  significant  data  and  results  for  the  24  b 
Six  groups  of  four  tests  each  appear  in  the  table.    In  each  group  sec- 
tions a,  b  and  c  present,  respectively  the  first,  middle,  and  last  portion 
of  the  entire  test,  developed  as  separate  and  distinct   units.      [mm< 

ately  following  the  data  for  these  three  portions  appear  the  eoi 
■ponding  results  for  the  entire  to 

The  length  of  the  different  tests  is  shown  in  Columns       •    5  and  6 
of  Table  28.     The  entire  medium  rate  tests  were  approximately 
hours  long  and  the  entire  high  rate  I  :  hours  long.    The  divided 
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tests  varied  in  length  from  about  one-half  hour  to  two  and  one-half 
hours.  From  224  to  271  pounds  of  coal  were  burned  per  square  foot 
of  grate  during  each  entire  test  while  for  the  divided  tests  the  corre- 
sponding amounts  vary  from  52  to  115  pounds  of  coal  per  square  foot 
of  grate.  The  equivalent  evaporation  per  square  foot  of  heating  sur- 
faee  varied  for  the  entire  tests  from  33  to  40  pounds  and  for  the 
divided  tests  from  6  to  16  pounds.  At  the  University  of  Illinois  loco- 
motive laboratory  about  150  pounds  of  coal  burned  per  square  foot 
of  grate,  or  from  15  to  20  pounds  of  equivalent  evaporation  per  square 
foot  of  heating  surface,  have  been  considered  as  sufficient  to  avoid  any 
serious  errors  in  test  results  arising  from  inaccuracies  in  coal  and 
water  measurements. 

Table  28 

Test  Conditions  and  Principal  Results  for  Six  Tests,  which  have 

been  Divided  into  Three  Tests  Each 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Length 

of  Test 

Pressure 

Temperature 

lb.  per  sq.  in. 

Degrees  F. 

Dry 

Equiv- 

Tkot 

Section 
of 

Coal 
Burned 

alent 
Evapo- 

Speed 

Number 

Test 

per 

ration 

in 

Rate 

Min- 

Sq. Ft. 

per 

Miles 

AND 

utes 

Hours 

of 

Sq.  Ft. 

per 

Boiler 

Branch- 

Front- 

Branch- 

Fire- 

MZE 

Test 

G/ate 

During 

the 

Test 

lb. 

ofH.S. 

During 

the 

Test 

lb. 

Hour 

Gauge 

pipe 
Gauge 

end 

pipe 

box 

Code  Ite 

m  {^~ 

345 

353 

380 

383 

367 

370 

374 

2401 

a 

114 

1.90 

79.2 

12.0 

18.9 

190.0 

172 

539 

566 

1774 

Medium 

b 

151 

2.52 

105.6 

16.4 

19.0 

190.0 

172 

533 

564 

1835 

Mine 

c 

112 

1.87 

79.2 

11.3 

18.8 

190.3 

172 

532 

566 

1907 

Run 

Entire 

377 

6.28 

264.1 

39.7 

18.9 

190.0 

172 

535 

566 

1835 

2402 

a 

107 

1.78 

79.0 

11.7 

19.1 

190.4 

176 

537 

565 

1772 

Medium 

b 

115 

1.92 

79.0 

12.4 

18.9 

190.1 

172 

542 

563 

1847 

Mine 

0 

90 

1.50 

65.9 

9.6 

18.9 

190.1 

173 

537 

565 

1825 

Hun 

Entire 

312 

5  20 

223  9 

33  7 

19  0 

190.2 

174 

539 

564 

1812 

2416 

a 

106 

1.77 

78.1 

12.0 

19.0 

189.3 

180 

541 

574 

1852 

Medium 

b 

141 

2.35 

104.1 

15.7 

18.8 

189.5 

180 

536 

572 

1759 

3'  x  6' 

c 

103 

1.72 

76.9 

11.7 

19.0 

189.5 

180 

544 

577 

1794 

Egg 

Entire 

350 

5  83 

259.1 

39  4 

18.9 

189.5 

180 

540 

574 

1801 

a 

69 

1.15 

105.2 

14.0 

25.1 

189.1 

168 

628 

628 

2284 

High 

b 

31 

0    7,1 

52.6 

6.4 

25.2 

188.7 

169 

627 

628 

2238 

Mine 

o 

63 

1   05 

L05.2 

12.9 

26.0 

185.9 

168 

625 

628 

2279 

Entire 

163 

2  72 

262  9 

33  3 

25.5 

187.8 

168 

627 

628 

2271 

a 

72 

1.20 

105.3 

14.7 

25.6 

187.8 

167 

631 

629 

2257 

b 

34 

0   .",7 

52 . 6 

7.0 

25.7 

188.5 

169 

632 

630 

2320 

c 

.").", 

0   U2 

87.2 

11.0 

25 . 7 

187.1 

168 

630 

634 

2467 

Run 

Entire 

161 

2  68 

245  1 

32  7 

25  6 

187.8 

167 

631 

631 

2334 

a 

72 

1.20 

J  04    3 

14.8 

25.7 

187.3 

168 

616 

628 

2227 

High 

b 

0 .  .07 

52.2 

7.3 

25.7 

186.5 

168 

615 

632 

2271 

74 

1 .  23 

114.9 

15  2 

25.7 

187.3 

168 

602 

636 

2305 

Entire 

180 

3  00 

271  3 

37  3 

25.7 

187.1 

168 

611 

632 

2267 

TESTS   OF   ILLINOIS    COAL   ON    A    MIKADO   LOCOMOTIVE 


95 


Table  28  (Continued) 

Test  Conditions  and  Principal  Results  for  Six  Tests,  which  h.wk 

been  Divided  into  Three  Teste  Eagb 


1 

2 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Draft 

Coal  as  Fired 

Dry  Coal 

in 

.  of  Water 

lb. 

lb. 

Section 

of 

Test 

or 

Entire 

Test 

Draw- 
bar 
Pull 
lb. 

De- 
grees 

,  of 
Super- 
heat 

Test 

Number 

Rati 

AM) 

Front- 
end 

Front 

of 
Dia- 

Fire- 
box 

Ash- 
pan 

Total 

Per 
Hour 

Per 

Hour 

per 

Sq.  ft. 

of 

Per 
Hour 

Per 
Hour 

per 

Sq.  ft. 

of 

phragm 

Grate 
Surface 

Grate 

Surface 

Code  It* 

DO  0 

394 

396 

397 

487 

409 

418 

626 

627 

2401 

a 

2.7 

1.3 

0.2 

21463 

190 

6000 

3158 

45.2 

2911 

41.7 

Medium 

b 

2.9 

1.6 

0.2 

21833 

188 

Bl 

3178 

\:>  :> 

Mine 

c 

2.8 

1.6 

0.2 

21M14 

190 

6000 

3214 

46   1 

42.4 

Run 

Entire 

2  8 

15 

0  2 

21727 

190 

20000 

3183 

45  6 

2934 

42  0 

2402 

a 

2.9 

1.4 

0.2 

21873 

187 

6000 

3365 

^  2 

3094 

44.3 

Medium 

b 

3.0 

1.7 

0.2 

21ss.-i 

187 

6000 

3130 

i>  8 

U    J 

Mine 

c 

3.0 

1.7 

0.2 

Jl'.M 

189 

5000 

3333 

17    ^ 

43  9 

Run 

Entire 

3  0 

16 

0  2 

21822 

187 

17000 

3269 

46  8 

3005 

43   1 

2416 

a 

3.4 

1.5 

0.2 

22782 

195 

6000 

3396 

48.7 

44.2 

Medium 

b 

1.8 

0.2 

8000 

3404 

48.8 

3'x 

c 

1.9 

0.2 

23231 

198 

5915 

3445 

IS    \ 

44.8 

Egg 

Entire 

3  6 

1  7 

0  2 

23115 

195 

19915 

3414 

48  9 

3101 

44  4 

240.", 

a 

8.2 

4.1 

0.4 

28879 

254 

8000 

6957 

99.7 

91.4 

High 

b 

8.5 

0.4 

28708 

4000 

77  17 

110.9 

lnl    7 

Mine 

c 

8.6 

i    1 

0.4 

JstisT 

254 

MM  Ml 

7619 

LOS  2 

6990 

100  2 

Hun 

Entire 

8  4 

4  2 

0  4 

28771 

254 

20000 

7361 

105  5 

6753 

96  8 

2406 

a 

8.6 

4.2 

0.4 

28600 

8000 

6867 

95.5 

-7    7 

b 

-   - 

\  5 

ii    I 

29183 

255 

4000 

7055 

101.1 

Mine 

e 

8.7 

4.1 

ii    I 

28642 

in.;  6 

95   1 

Ron 

Entire 

8  6 

4  3 

0  4 

28718 

257 

18630 

6944 

99  5 

6377 

91  4 

i 
■ 

8.9 

4.0 

0.5 

253 

8000 

86.9 

High 

b 

t    1 

29407 

4000 

mi   i 

i  3* 

i    7 

0.5 

261 

8811 

L02  4 

Nut 

Entire 

9  2 

4  4 

0  5 

29100 

258 

20811 

6937 

99  4 

6313 

90  4 

E  .animation  of  the  data  BllOWS  that   test   conditions  with  regard  U) 

speed,  pressures,  temperatures,  drafts,  drawbar  pull,  and  quality  of 
strain  were  very  uniform  as  between  the  first,  middle,  and  final  sections 
of  each  test,  with  the  Bingle  exception  of  tire-box  temperature.     In 
genera]  the  temperature  In  the  fire-box  increased  somewhat  as  the  I 
pro* Led. 

Column^  22  and  29  show,  respectively,  the  rate  of  combustion 
expressed  in  dry  coal  per  square  foot  of  grate  per  hour,  and  the  i 
of  evaporation  expressed  in  equivalent  evaporation  per  square  fool  of 
heating  surface  per  hour.     During  the  medium  rate  tests  these  n 
were  quite  uniform  through  the  3  sections  of  each  entire  test    During 
the  high  rate  tests  the  rate  of  combustion  increased  as  each  teal  | 

ded,  the  <_m-atrr  pari  of  this  increafl jcurring  during  ti 
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Table  28  (Concluded) 

Test  Conditions  and  Principal  Results  for  Six  Tests,  which  have 
been  Divided  into  Three  Tests  Each 


1 

2 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

Superheated  Steam 
lb. 

Equivalent 

Evaporation 

lb. 

B.t.u. 
Ab- 

Section 

Quality 

sorbed 
by 

Test 

Boiler 

Number 

of 

of 

Per 

Per 

Effi- 

Rate 

Test 

Steam 

Sq.  ft. 

Per 
Pound 

Per 

Sq.  ft. 

Per 

Boiler 

ciency 

AND 

or 

in 

of 

Pound 

of 

Pound 

per  lb. 

Per 

SlZE 

Entire 

Dome 

Per 

Heating 

of 

of 

Per 

Heating 

of 

of 

Cent 

Test 

Hour 

Surface 

Coal 

Dry 

Hour 

Surface 

Dry 

Coal 

per 
Hour 

as 
Fired 

Coal 

per 
Hour 

Coal 

as 
Fired 

Code  Ite 

m  {3^ 

407 

645 

648 

658 

666 

2401 

a 

J. 9773 

22405 

4.81 

7.09 

7.70 

29507 

6.33 

10.14 

9076 

75.68 

Medium 

b 

0.9798 

22973 

4.93 

7.23 

7.85 

30278 

6.50 

10.34 

9260 

77.22 

Mine 

c 

0.9802 

21390 

4.59 

6.66 

7.23 

28213 

6.05 

9.53 

8532 

71.14 

Run 

Entire 

0.9791 

22328 

4.79 

7.01 

7.61 

29451 

6.32 

10.04 

8988 

74.95 

2402 

a 

0.9789 

23217 

4.98 

6.90 

7.51 

30440 

6.53 

9.84 

8794 

73.99 

Medium 

b 

0.9803 

22961 

4.92 

7.33 

7.98 

30217 

6.48 

10.50 

9377 

78.90 

Mine 

c 

0.9807 

22710 

4.87 

6.82 

7.41 

29886 

6.41 

9.75 

8716 

73.34 

Run 

Entire 

0.9801 

22970 

4  93 

7.02 

7.64 

30183 

6.48 

10.04 

8969 

75.46 

2416 

a 

0.9888 

24037 

5.16 

7.08 

7.80 

31729 

6.81 

10.29 

9076 

76.15 

Medium 

b 

0.9883 

23557 

5.05 

6.92 

7.62 

31143 

6.68 

10.07 

8891 

74.60 

3'  x  6' 

c 

0.9886 

23952 

5.14 

6.95 

7.65 

31736 

6.81 

10.14 

8949 

75.09 

Egg 

Entire 

0  9885 

23788 

5  11 

6.97 

7.67 

31448 

6.75 

10.14 

8949 

75.09 

2405 

a 

0.9612 

41962 

9.01 

6.03 

6.58 

56649 

12.16 

8.88 

7910 

67.30 

High 

b 

0.9622 

42155 

9.09 

5.48 

5.96 

57306 

12.30 

8.07 

7200 

61.27 

Mine 

c 

0.9660 

42176 

9.05 

5.54 

6.03 

57107 

12.25 

8.17 

7288 

62.01 

Run 

Entire 

0  9628 

42176 

9  05 

5.73 

6.24 

57022 

12.24 

8.44 

7531 

64.08 

2406 

a 

0.9579 

42309 

9.08 

6.35 

6.91 

57201 

12.27 

9.34 

8337 

70.20 

High 

b 

0.9607 

42321 

9.08 

6.00 

6.53 

57345 

12.31 

8.85 

7900 

66.52 

Mine 

c 

0.9549 

41200 

8.84 

5.70 

6.20 

55909 

12.00 

8.42 

7498 

63.14 

Run 

Entire 

0 . 9574 

41946 

9  00 

6  04 

6.58 

56795 

12.19 

8.91 

7949 

66.93 

2413 

a 

0.9449 

42374 

9.09 

6.36 

6.98 

57332 

12.30 

9.45 

8357 

69.70 

High 

b 

0.9478 

44272 

9.50 

6.28 

6.90 

60077 

12.89 

9.36 

8279 

69.05 

2'x3' 

c 

0.9489 

42381 

9.09 

5.93 

6.52 

57553 

12.35 

8.85 

7822 

65.24 

Nut 

Entire 

0 . 9470 

42720 

9  17 

6.16 

6.77 

57929 

12.43 

9.18 

8114 

67  67 

section.  During  the  high  rate  tests  the  rate  of  evaporation  increased 
with  the  increasing  rate  of  combustion  during  the  first  part  of  the 
test,  but  decreased  during  the  latter  part.  This  indication  of  some- 
what poorer  performance  during  the  latter  part  of  a  long  test  is  shown 
more  exactly  by  the  values  relating  to  efficiency. 

•  lumns  30,  31  and  32  show  the  efficiency  of  the  locomotive  boiler 
a  heat  transferring  device.  For  the  medium  rate  tests  the  results 
indicate  that  the  efficiency  during  the  first  and  middle  sections  of 
the  tests  was  higher  than  during  the  last  section.  For  two  out  of 
three  of  the  medium  rate  tests  the  middle  section  showed  a  materially 
higher  efficiency  than  either  the  first  or  last  sections.  For  the  high 
ey  'Iff Teased  in  general  from  the  first  to  the  last  sec- 
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tion  of  each  test,  showing  the  best  performance  during  the  lirst  part 
of  the  test  and  poorer  performance  as  the  test  proceeded. 

The  differences  in  performance  which  have  been  pointed  out  as 
existing  between  different  parts  of  a  long  test  are  in  general  small. 
Where  test  conditions  are  not  unusual  and  are  under  control,  as  is  the 
case  in  a  testing  laboratory,  and  where  it  is  possible  to  maintain  uni- 
formly good  fire-box  conditions,  short  tests  should  give  almost  as  relia- 
ble and  almost  the  same  results  regarding  evaporative  performance 
and  efficiency  as  much  longer  tests. 

Boiler  efficiency  in  general  decreases  as  a  test  proceeds,  so  that, 
in  so  far  as  differences  in  efficiency  exist,  the  average  result  for  a 
long  test  would  be  lower  than  for  a  short  test  corresponding  to  the 
first  part  of  the  long  test,  and  higher  than  for  a  short  test  corre- 
sponding to  the  last  part  of  the  long  test.  Boiler  efficiency  is  more 
apt  to  be  uniform  throughout  long  tests  at  medium  rates  of  combustion 
than  at  high  rates  of  combustion. 

The  coal  used  during  these  tests  gave  little  trouble  in  the  firebox, 
a  very  small  amount  of  clinkers  being  formed  and  the  ash  being  readily 
removed.    With  coal  which  clinkers  badly  or  which  produces  excessive 
honeycombing,  the  variations  in  performance  between  different  pa 
of  a  long  test  might  be  much  greater  than  those  here  shown. 
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A   STUDY   OF   THE    HEAT    TRANSMISSION 
OF    BUILDING    MATERIALS* 


I.       IXTRODUCTIOX 

1.  Purpose  of  Investigation. — The  object  of  this  invest  Nation 
is  to  determine  the  coefficients  of  heat  transmission  of  standard  build- 
ing materials  for  exterior  building  walls  under  conditions  similar 
to  those  commonly  found  in  practice.  In  apph'ing  these  coefficients 
to  actual  problems  it  is  necessary  to  take  account  of  the  temperature 
of  the  air  inside  and  outside  the  building;  therefore  tin1  data  must 
be  determined  under  similar  or  comparable  conditions.  Since  it  is 
impossible  to  test  all  types  and  combinations  of  exterior  wall  con- 
struction, some  method  must  be  devised  for  applying  the  data  ob- 
tained from  the  tests  of  a  relatively  small  number  of  simple  walls. 
This  method  should  permit,  by  ;i  simple  calculation,  the  determination 
of  the  coefficient  of  transmission  in  the  case  of  the  various  compounds 
and  special  walls.  It  is  necessary,  therefore,  only  to  apply  the  sim- 
ple principles  underlying  the  transfer  of  heat  to,  through,  and  from 
a  building  wall,  and  to  determine  the  basic  coefficients  required  in 
making  the  calculations  of  the  actual  transmission  coefficient.  In 
order  to  explain  this  procedure  for  the  general  case  it  is  necessary 
to  analyze  the  process  by  which  heat  transmission  through  a  wall 
takes  place. 
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II.     Principles  of  Heat  Transmission 

3.  Conduction. — Heat  passes  through  a  wall  by  conduction  pro- 
vided the  temperature  on  one  side  of  the  wall  is  higher  than  that  on 
the  other.  The  amount  of  heat  (H)  passing  through  the  wall  de- 
pends upon  the  following  factors: 

(1)  The  coefficient  of  conductivity  (C)  which  varies  with  the 
material  of  the  wall.  This  coefficient  is  practically  constant*  for 
any  given  wall  for  the  ranges  of  surface  temperatures  found  in  heat- 
ing buildings;  it  is  not  constant,  however,  at  high  temperatures  if 
there  is  much  variation  in  the  mean  temperature  of  the  wall.f 

(2)  The  thickness  of  the  wall  in  inches  (x). 

(3)  The  difference  in  temperature  in  degrees  F.  between  the 
two  surfaces   (t1  —  t2). 

(4)  The  time  in  hours  (D). 

(5)  The  mean  area  of  the  cross  section  in  square  feet  through 
which  the  heat  passes  (A). 

The  nature  of  the  two  surfaces  is  of  no  consequence  provided 
the  faces  are  parallel.  The  amount  of  heat  transferred  is  also  in- 
dependent of  the  actual  temperatures  of  the  two  surfaces  but  it  de- 
pends upon  the  difference  in  temperatures  between  the  two  surfaces; 
thus  the  heat  transmitted  by  conduction  is,  in  B.  t.  u., 

Hc=C-(tl-i2)    DA (1) 

•Xj 

It  is  at  once  apparent  that  all  these  factors  except  the  surface  tem- 
peratures are  easily  ascertainable,  and  it  should  be  noted  that  the 
inside  and  outside  air  temperatures  are  of  no  value  in  determining 
the  amount  of  heat  transmitted  by  conduction. 

Heal  reaches  the  surface  of  a  wall  both  by  radiation  and  by  con- 
ion  provided  the  objects  and  the  air  are  at  a  higher  temperature 
than  the  surface  of  the  wall.    By  a  reverse  process  $  of  radiation  and 
convection,  the  heat  which  has  been  received  by  the  inner  surface 
of  a  wall  and  transmitted  through  it  by  conduction  may  be  given  off 


*Tests    by    Gr<5ber    and    Nusselt    in    "Mechanical    Refrigeration,"    Macintire,    J.    H.,    p. 
155,     L91  I. 

tOlement,    J.    EC.,    and    Bgjr,    W.    L.(    "The    Thermal    Conductivity    of    Fire-Clay    at    High 
7iiv.    of    111.    Eng.    Exp.    Sta.,    Bui.    36,    1909. 
omas,    "The   Theory   of  Heat,"    1904. 
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by  the  outer  surface.  In  refrigeration,  the  direction  of  flow  is  re- 
versed, hut  the  coefficient  is  the  same  for  ordinary  ranges  of  tem- 
perature. The  air  and  objects  on  the  cooler  side  of  the  wall  must, 
of  course,  remain  at  a  lower  temperature  than  the  surface  of  the 
wall. 

4.  Radiation. — Newton  seems  to  have  been  the  first  to  consider 
the  "law  of  cooling"  of  a  body  by  radiation,  and.  as  stated  by  Pi 
ton,  "he  supposed  that  the  rate  of  cooling  was  proportional  to  the 
excess  of  the  temperature  of  the  body  above  that  of  the  medium  in 
which  it  was  immersed."  The  same  authority  expresses  the  heat 
lost  by  radiation  in  a  unit  of  time  as  the  difference  between  the  total 
heat  given  off  by  radiation  from  the  body  and  the  total  heat  gained 
by  radiation  to  the  body  or(  ft  —  ftx),  in  which 

ft  =  the  total  heat  loss  per  second  by  radiation  when  the 

the  body  is  at  the  temperature  (t),  and 
ftx  =  the    total    heat    received    per    second    by    radiation 
when  the  surroundings  are  at  the  temperature  (^). 
Thi^   is  equivalent  to  assuming  that  for  the  absolute  scale  of  tem- 
perature the  function    ft  =  Rt  —  B  so  that    ft  —  Jtl  =  R  (t  —  tt) 
and  the  heat  lost  by  radiation  is 

//„  =  R   (t  —  tt)   D  A   in   B.  t.  u (2) 

in  which  E  is  the  coefficient  of  radiation  for  the  surface  of  the  ma- 
teria] under  consideration.  /  and  f,  are  Fahrenheit  temperature  read- 
ings. I)  \s  the  time  in  hours,  and  A  is  the  area  in  square  feet.  Preston 
3,  "This  formula  has  been  found  to  represent  the  facts  fairly 
well  for  small  differences  of  temperature.     For  differenc  seeding 

1<»  or  50  degrees  C.  this  law  was  found  to  deviate  seriously  from  tin1 
truth.  "• 

Where  the  differences  in   temperature  become  large  and  when 
"black  bodies,"  which  are  perfect  radiators  and  }•■ 
of  heat,  arc  used,  the  total  energy  transferred  by  radiation  has 
shown  by  Stefan  1  and  BoltzmannJ  to  depend:  first,    upon  a  factor 

called  coefficient   of  radiation      /,'    .   and   secondly,   upon   the  dif: 


•F'r.  s-on.     Op      I 
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between  the  fourth  powers  of  the  absolute  temperatures  of  the  sur- 
faces between  which  the  transfer  takes  place.  For  English  units, 
therefore,  the  heat  transmitted  by  radiation  is,  in  B.  t.  u., 

HR=  R  (TV—  TV)  DA (2a) 

in  which,  as  previously,  D  is  the  time  in  hours,  and  A  is  the  area  of 
the  surface  in  square  feet,  T1  and  T2  are  degrees  F.  on  the  absolute 
scale  and  in  the  case  of  sooted  surfaces  with  the  cooler  entirely  sur- 
rounding the  warmer  surface,  which  must  not  "see"  anything  but 
the  cooler  surface,  R  =  1.6  X  10-9.  The  experimental  determination  of 
values  of  R  for  either  small  or  great  temperature  differences  for  com- 
mercial building  materials  would  require  rather  elaborate  equipment. 
It  is  evident,  from  equation  (2a)  that  for  large  temperature 
differences,  a  most  rapid  increase  in  radiation  will  occur:  first,  with 
an  increase  in  the  temperature  of  the  warmer  body;  and  secondly, 
if,  for  the  same  temperature  differences,  both  temperatures  Tx  and 
T2  are  increased.*  It  should  be  noted  that  the  energy  transferred 
by  radiation  must  first  be  transformed  at  the  surface  of  the  warmer 
body  from  the  form  of  sensible  heat  or  kinetic  energy  into  radiant 
energy,  so  that  it  may  pass,  like  light,!  through  space  to  the  surface 
of  the  cooler  body,  and  there  be  retransformed  into  heat  energy.! 

5.  Convection. — The  amount  of  heat  transferred  by  convec- 
tion, or  air  movement,  over  the  surface  of  a  body  has  been  shown  by 
Pecletfl  to  depend  upon : 

(1)  A  factor,  coefficient  of  convection  (Ar),  which  varies  with 
the  form  and  arrangement  of  the  surface. 

(2)  Some  power  of  the  velocity  of  flow  across  the  surface  in 

feet  per  second  Vn . 

(3)  The  difference  in  temperature  between  the  surface  and 
the  surrounding  air  fa  -    t2)  in  degrees  F. 

The  heat  transferred  by  convection  is  independent  of  the  nature  of 
the  surface,  and  the  absolute  temperature  of  the  surface  and  the  sur- 
rounding air;  consequently  for  English  units,  the  heat  transferred 
from  or  to  a  wall  by  convection  is,  in  B.  t.  u., 

HN=  N  V*  fa  -  -  t2)  D  A (3) 


♦Burgess,    O.    K.,    and    Le    Chatelier,    H.,    "The    Measurement    of    High    Temperatures." 
p.    247,    1912 

f'Heat    Transmission,"    Engineering,    Vol.    100,    p.    499,    November    12,    1915. 
(Bolton,   B.  sblishmenl  of  a  Standard  for  Transmission  Losses  from  Build- 

<>(  All   Constructions,"   Journal   A     S.    II.   and    V.   E.,    Vol.   21,  p.  30,   July,   1915. 
fi"Traite   de  la   Chaleur."      Vol.    I,    Livre   VI,    1860. 
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in  which  D  is  the  time  in  hours  and  A  is  the  area  of  the  surface  in 
square  feet.  The  values  of  N  and  )i  must  be  determined  experiment- 
ally.    Elaborate  testing  equipment  is  required  for  the  determination 

of  these  values. 

6.  Heat  Transmission  to,  through,  and  from  a  Simple  Wall. — 
In  view  of  the  foregoing  analysis,  it  will  be  apparent  from  the  dia- 
gram, Fig.  1,  that  the  temperature  gradient  through  a  wall,  which 


Fig.  1.    Temperature  Gradient  Through  a  Wall 


separates  air  at  a  higher  temperature  1 1 1  from  air  at  a  lower  tempera- 
ture   I    .  ean  be  represented  by  the  line  f,  fx,  t...  /.,.  provided  it  is  rec 
ognized  thai  the  surface  temperature  of  the  wall  and  the  air  in  eontact 

with  it  arc  not  the  same.    This  difference  iii  temperature  occurs  within 

a  thin    layer  or  film   of  air  very   close   to  the  surface.      That    the   wall 
surface  must   be  at   a   lower  or  at   a   higher  temperature  than   the  sur- 

rounding  air  and  the  objects  is  evident:  otherwise  there  would  be  uo 
"flow"  <>r  transfer  of  heal  to  or  from  the  wall. 

It  has  also  I □  suggested  by   Dalby*  that  there  Is  probably   i 

further  drop  of  temperature  head,  represented  by  the  distance  be 
tweeo  f,  and  /. ...  which  is  required  to  force  the  flow  across  the  ^nv\. 
where  tic  gas  film  is  in  contact  with  the  wall,  corresponding  to  i 


•    li  '     I        British),    p     9'.  i     0 
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tential  difference  at  a  joint  in  an  electric  circuit.  This  is  usually 
referred  to  as  contact  resistance.*  Contact  resistance  cannot  be 
measured  by  thickness,  but  requires  an  appreciable  amount  of  po- 
tential difference,  whether  the  potential  difference  be  in  volts  or 
degrees,  and  whether  the  current  flow  be  in  amperes  or  thermal 
units. 

If  the  air  and  surface  temperatures  are  known,  it  is  possible, 
for  small  temperature   differences,   to   express   the   amount   of  heat 
entering  the  wall  per  square  foot  per  hour  in  terms  of  equations 
-    and  (3),  in  which  D  and  A  become  unity,  as: 

HR+HN  =  R  [  (t  +  460)-(*!+460)]  +N  X  F"(*-*i)        .      .      (4) 
For  walls  of  fixed  height,  possibly  from  nine  to  ten  feet,  standing  in 

still  air  so  that  only  natural  or  gravity  convection  currents  exist, 
i 

the  factor  (  Vn  ) ,  moreover,  becomes  a  constant  and  can  be  included 
in  N  making  it  Nlf  so  that  the  combined  or  total  heat  transfer  at  the 
surface  of  the  wall  can  be  expressed  as : 

HR+N=R  (t  —  tt)  +  N,  (t  -  tt), 

-  (B  +  Nt)   (t  -   t±) (5) 

or,  letting  Kx  =  {R  +  JVJ, 

HR+N  =  Kx    (t    -   Ot     •      •      •      •      (6) 
The  heat  passing  through  the  wall  per  square  foot  per  hour  can 
be  expressed  by  equation  (1)  as: 

Bc  =  |  (h  -  h), (7) 

if  the  two  wall  surface  temperatures  are  known. 

The  heat  leaving  the  wall  for  the  limited  range  of  temperatures 
found    in    practice    can    be    expressed,    furthermore,    by    equations 
2     and     3)   simplified  to  read  as  follows: 

HR  +  N  =  K2  (t2 — t0),  ...  (8) 
in  which  (R  +  N2)  =  K 2  are  new  coefficients  determined  under  out- 
side conditions  of  temperature  and  average  wind  movement. 

Finally,   if  the  overall   transmission  coefficient  from  air  inside 
air  outside  is  U,  in  B.  t.  u.  per  square  foot  per  hour,  the  heat  trans- 
mitted is 

//„=  11  (t  —  t0) (9) 

Since  the  heat  11  transmitted  in  B.  t.  u.  per  square  foot  per  hour 
La  the  same  in  ca'-h  of  the  above  cases, 


rating    World,    p.    29,    September,    1914. 
fHarding  and   Willard,   "Mech;i  lipment  of  Buildings."      Vol.  I,  p.  55,   1916. 
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H  =  Kx   (t    -   fj 
-  -|  (#»  -  *.) 

=  *,  (f,   -   t0) 

=  U  (t  - 

1X1         f    -  *,        (t,    -  f2)       (U  -  t0)_  t  -   t0 
an([^  +  6l  +  A,=         H  H  H  H 

.  1        1         1         x 

henCeU  =  Kx+K2  +  -C- 

and  £/  = 


Kx     K-2    C 


In  the  case  of  compound  walls  (See  Fig.  2  A,  B,  and  C)  with 
no  air  spaces  and  with  a  variety  of  materials  of  different  conductiv- 
ities, Clt  C2J  C3,etc.,  and  of  various  thicknesses,  X  .  X     X  .  etc.,  the 

equation  assumes  the  form, 

v  _ j 

—  4-  —  4-—  4-  —  4-  —  4-     etc  (11) 

If  the  compound  wall  contains  air  spaces,  (See  Fig.  2  D)  the 
value  of 

u- l 

/V !         A  i       \\  i        7\  ,        Oj        U2        03 

in  which  the  proper  surt'a< ©efficients  for  each  material  and   for 

i  surface  must  be  used.     AN  coefficients  will  be  taken  for  "still 
air"  conditions,  except  thai    for  the  outside  wall   the  Burfa 
efficienl  mnsl  l"'  increased,  as  indicated  under  "Applications"     I 
_  I)  .  to  correspond  with  the  average  wind  movement. 

It  must,  therefore,  be  apparenl  that,  if  values  of  the  combined 
surface  coefficients  K  and  Kt)  and  of  the  coefficient  of  conduc- 
tivity (C)  can  I-  rmined  experimentally  by  measuring  the  b 
transmitted  through  typical  wall  materials,  the  very  practical  and 
useful  coefficient  of  transmission  U)  can  be  readily  calculated  by 
equation  (10  for  a  wall  of  any  given  thickness  («).  As  will  be 
shown  later  under  methods  of  testing,  it  is  a  fairly  simple  matt 
to  determine  the  surfac<  icients  of  walls  standing  in  still  air  and 
the  coefficients  of  conductivity  at  the  same  time  that  the  actual  de- 
termination of  the  coefficient  of  transmission    I      is  being  made. 
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Fig.  2.    Application  of  Test  Data  to  Simple  and  Compound  Walls, 
Examples  in  the  Calculation  of  U 
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III.     Methods  of  Testing  for  Heat  Transmission  of  Building 

Materials 

7.  General  Conditions. — There  are  two  general  cases  to  be  con- 
sidered in  determining  the  value  of  the  coefficient  (U)  for  walls: 
first,  the  case  of  walls  standing  in  perfectly  still  air,  except  for  the 
vertical  convection  currents  set  up  by  the  wall  itself,  and  secondly, 
that  of  walls  standing  in  moving  air  where  the  velocities  cover  the 
range  found  in  atmospheric  air  during  the  average  heating  season. 
Both  cases  have  been  investigated  in  these  tests  so  that  the  data  re- 
ported are  divided  into  two  parts,  one  for  *  'still  air  tests"  and  the 
other  for  "moving  air  tests." 

8.  Investigations. — Heat  transmission  tests  previously  made 
have  in  many  cases  been  confined  to  small  specimens  so  that  the  data 
secured  have  proved  unsatisfactory  when  applied  to  walls  of  prac- 
tical proportions.  All  investigators  in  this  field  have  profited  by 
the  pioneer  experimental  work  of  the  French  physicist,  Peclet.*  His 
work  was  followed  by  investigations  (which  included  the  work  of 
Rietschelf  and  GrashofJ),  conducted  under  the  auspices  of  the  Ger- 
man and  Austrian  governments.  The  results  of  this  work  have  been 
translated  in  part  by  J.  H.  Kinealyfl  and  still  form  the  basis  for  many 
transmission  coefficients  in  use  to-day. 

The  most  prominent  American  investigator  has  been  Prof.  C.  L. 
Xorton§  of  the  Massachusetts  Institute  of  Technology.     The  best 


*  Jean   Claude    Eugene    Peclet   was   born,    at    Besanc,on,    Franco,    in    1793    and    died    in 
Paris    in    1857.       He    was    Professor    of    Industrial    Physics    at    the    O  hool    of 

.ufacturers   in    Paris.      Among   his   most    important    works    is    his   "Trait.-    de    hi    Cha- 

ct    de    son    Application    aux    Arts    et    aux    Manufactures"    published    in    two    volum< 

',   a  second  edition   being  issued   in    1843   and   translated    into   lierman. 

t  Herman    Iman    Kietschel   was    horn   at    Dresden,    (J.-rinany,    in    1—47.       He    was    a    pro 
feasor    in    the    KOnigliche    Tech:  .lochschule,    Berlin.       He    wrote    "Leitfaden    ma 

nen    und     En  von     Luftiings — und     B  ftgnn.       Ein     Hand    und     Lchr- 

buch  fur  Ingenieuro   und  Architecken, "  which    was   published   in    1  -     I  .nd   edition). 

alto    wrote    "Theone    und    1'raxis    der    Bestimmung    der     Kohrweitcn     \<m     \\  urmwasscrheir- 
ungen,"   published    in    1- 

t  Eranz    Grashof    was   born    at  :iany,    in    1830    and    died    in    1898.       Hi 

was  one  of  the  founders  of  the    Yerein    1  >eut iclu ir    [ngenieure  and   was   president  of   this  so- 
for   thirty-fire   years.      He    wa  r    of    the 

Of    Machine    Construction     in    the     Polj  technical  >k>1,     Ka: 

writings    are    very    numerous    and    include    the    "B 
publish'  -d    in    1870. 

1  John    i  nealy    was    born    at    Hannibal,    Missouri,    m     i-     i        Among    his    < 

works  is  the  translation  of  the  Prussian  tables  for  l  Tins  translation  was 

published  in   1899  and  is  known  as  "Eormulas  and   T 

5<'harles    Ladd    Norton   was   born    at    Springfield,    Massa  He    || 

lessor   of    Heat    M  its    in    the    M  tirs 

ion    "f    heat    through    various    build  rials    as 

as  the  thermal  .Id   stoni- 
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equipped  thermal-transmission  testing  plant  in  this  country  has  been 
erected  by  the  Armstrong  Cork  Company,  at  Beaver  Falls,  Penn- 
sylvania. A  similar  plant  is  located  at  the  Pennsylvania  State  Col- 
lege at  State  College,  Pennsylvania.  In  the  tests  run  at  the  former 
plant  little  attention  has  been  given  to  surface  temperatures,  since  only 
actual  or  overall  transmission  air  to  air  coefficients  were  desired.  In 
the  plant  at  Pennsylvania  State  College  both  air  and  surface  tem- 
peratures are  measured  by  means  of  platinum  resistance  pyrometers, 
and  the  Engineering  Experiment  Station  at  State  College  has  been 
studying  the  effect  produced  on  the  heat  transmission  by  varying  the 
relative  humidity  and  velocity  of  the  air  passing  over  the  outside 
surface  of  a  building  wall. 

The  Worcester  Polytechnic  Institute*  has  recently  conducted  a 
series  of  tests  on  the  heat  transmission  of  various  types  of  ice  house 
construction.  Prof.  J.  R.  Allen,  f  University  of  Michigan,  has  re- 
cently reported  the  results  of  tests  on  transmission  coefficients  for 
glass  made  under  a  variety  of  conditions. 

The  latest  heat  transmission  tests  of  importance  are  those  of 
L.  B.  McMillan  made  at  the  University  of  Wisconsin.^  Steam  pipe 
coverings  were  investigated  to  determine  their  heat  insulating  prop- 
erties. For  determining  the  temperature  of  the  air  in  the  test  room, 
high  grade  mercury  thermometers  were  used,  and  after  considerable 
experimenting  it  was  decided  to  use  constantan-copper  thermocouples 
for  the  pipe  temperatures.  In  this  connection  the  potentiometer 
method  of  measuring  the  electro  motive  force  of  the  couples  was  used. 
To  imbed  the  thermocouple  junction  in  the  pipe,  a  chip  was  raised  on 
the  surface  of  the  pipe,  the  thermocouple  junction  was  held  under- 
neath, and  the  chip  was  forced  down;  thus  the  couple  was  held  in 
contact  with  the  metal  pipe. 

Similar  work  is  also  in  progress  at  the  Mellon  Institute. 


*Refrigerating  World,   June,   1915. 

f'Heat    Transmission    Through    Building    Materials,"    Journal    A.    S.    H.    and    V.    E., 
Vol.    22,    p.    1,    July,    1916. 

^Journal,   Am.  Soc.   of  M.  E.,   January,    1916. 
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IV.    Testing  Methods  and  Equipment 

9.  Methods. — The  equipment  or  apparatus  for  making  heat 
transmission  tests  in  building  materials  varies  according  to  the  meth- 
od of  testing  and  the  data  desired.  Some  excellent  laboratory  plants 
have  been  designed  for  making  heat  transmission  tests,  and  some  of 
the  most  elaborate  of  thea  e  been  used  abroad.*     The  methods 

most  commonly  employed  in  this  country  may  be  classified,  according 
to  principle  at   least,  as  follows : 

(1)  Ice  Box  method. 

(2)  Oil  Box  method. 

(3)  Cold  Air  Box  method. 

(4)  Hot  Air  Box  method. 

(5)  Flat  or  Hot  Plate  method. 


Km..  .''..     Tin.  In;  Box.MSTHOD  of  Testing;  Heat  Tk 

10.    Th<   Tee  Box  Method.    This  method,  illustrated  by   I 
is  the  simplest  one  employed  in  making  heal  transmission  testa    1 
placed  inside  a  metal  box,  or  cube,  and  the  material  to  be 
is  placed  outside.    If  the  rate  at  which  the  ice  melts,  the  temperature 
of  the  melting  ice,  and  the  outside  air  temperature  are  known,  the 
heal  transmission  is  readily  obtainable. 

This  method  may  prove  unsatisfactory  in  the  following  respe 
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(a)  The  melting  of  ice  in  pockets  and  its  retention  in  the  box 
after  melting  cause  low  results. 

(b)  Frequent  additions  of  ice  must  be  made  to  keep  the  box 
as  full  as  possible. 

(c)  The  inside  temperature  reading  is  not  the  true  inside  tern- 
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Fig.  4.     The  Oil  Box  Method  of  Testing  Heat  Transmission 


perature  because  of  the  temperature  gradient  through  the  walls  of 
the  metal  box,  which  results  in  low  coefficients. 

(d)  The  range  of  temperature  drop,  through  which  the  ma- 
terial is  to  be  tested,  is  fixed  unless  some  means  are  employed  for 
regulating  the  outside  air  temperature. 


Fig.  5.     The  Cold  Air  Box  Method  op  Testing  Heat  Transmission 
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11.  The  Oil  Box  Method. — In  this  method,  illustrated  by  Fig. 
4.  a  metal  box  is  covered  with  the  material  to  be  tested.  Oil  is  placed 
inside  the  box  and  is  kept  at  the  desired  temperature  by  means  of  an 
electrical  heater  immersed  in  the  oil.  A  stirring  device  keeps  the  oil 
at  uniform  temperature.  The  amount  of  heat  transmitted  through  the 
material  under  test  is  determined  from  the  electrical  input. 
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Fie.  6.     Tjik  Hot  Air  Box  Method  of  Testing  Heat  Tb  ion 


In  this  method  the  range  of  temperature  through  which  the  t 

may  be  run  is  much  larger  than  in  the  ice  box  method,  and  it  is  not 
necessary  to  add  to  the  material  in  the  metal  box.  In  other  respects, 
however,  this  method  presents  the  same  disadvantages  as  the  ice  box 
method. 

12.  'I hi  Cold  Air  Box  Method.  In  this  method,  illustrated  by 
Pig.  5,  a  box  of  cracked  ice,  hung  near  the  top  on  the  center  line  of 
the  testing  POX,  is  substituted  for  the  electrical  heating  clement.     The 

melting  of  the  ice  maintains  the  temperature  of  the  air  in  the  box  at 

a  lower  degree  than  the  air  outside.    The  suspension  of  the  ice  box 
near  the  top  of  the  test  box  supposedly  causes  natural  circulation 
to  maintain  the  inside  air  temperature  nearly  uniform.     The  | 
transmitted   is  determined   by  weighing  the  amounl  •■  mell 

since  it  lb  ool  possible  to  control  satisfactorily  the  temperature  in- 
side   tic    box,    this    method    i>    generally    inferior   to   the    hot    aii-    boi 

method. 

18.     Ti"  Hot  Air  Box  Method.    The  test  box  forth* 
method  I  Pig,  6    is  mad.'  entirely  <»t*  the  material  to  be  •  unless 

the  material  i.s  lUCh  that  a  skeleton  frame  IfOri   i*>  I  Py  to  |  I 
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strength  for  the  structure.  The  heat  is  supplied  by  electrical  means, 
a  resistance  coil  or  a  bank  of  lamps  being  used.  A  fan  is  usually 
employed  inside  the  test  box  to  circulate  the  air  and  maintain  a  uni- 
form air  temperature  throughout  the  interior  of  the  box.  The 
amount  of  heat  transmitted  through  the  material  is  determined  from 
the  combined  electrical  input  to  the  heater  and  to  the  fan  motor. 

This  method,  or  a  modification  of  it,  is  considered,  according  to 
Prof.  C.  L.  Norton,  the  best  to  employ  in  testing  materials  for  heat 
transmission.  The  use  of  the  fan,  however,  is  objectionable  if  a 
determination  of  the  inside  coefficient  (J5Ta)  is  to  be  made,  since  the 
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Vk,.  7.     The  Hot  Plate  Method  of  Testing  Heat  Transmission 


velocity  of  the  air  over  the  inside  surface  tends  to  increase  the  value 
of  7T,.  In  test  specimens  of  large  dimensions  the  fan  is  necessary  if 
the  interior  air  is  to  be  maintained  at  a  uniform  temperature  through- 
out. 

14.     The  Flat  or  Hot  Plate  Method.— In  this  method   (Fig.  7), 

the  heating  element  consists  of  an  electric  grid,  which  is  made  of 

ace  wire  placed  between  asbestos  sheets.     The  material  to  be 

1  i-  placed  on  both  sides  of  the  grid  and  in  contact  with  it.  Out- 
side  the  test  material  are  placed  two  hollow  flat  plates,  which  are 
kept  at  constant  temperature  by  means  of  water  circulation  through 
the  plates.  All  the  heat,  except  that  lost  from  the  edges  in  some 
plates,  goes  through  the  test  material  into  the  water-cooled  outside 
plates.  In  some  hot  plates  no  water-cooled  outside  plates  are  used, 
the  edges  being  covered  with  the  test  material;  thus  the  heat  passes 
through  only  the  tesl    material.     The  heat  lost  is  measured  by  the 
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electrical  input,  and  the  temperature  difference  between  the  inside 
aud  outside  surfaces  is  usually  determined  by  electrical  means.  Given 
the  dimensions  of  the  plate,  the  conductivity  of  the  specimen  may  be 

readily  determined. 

The  amount  of  the  heat  loss  from  the  edges,  in  the  one  ease,  is 
unknown.  According  to  one  authority,  this  Loss  is  not  only  consider- 
able but  varies  in  amount,  the  variation  depending  upon  the  nature 
and  the  thickness  of  the  material  being  tested.  A  correction,  the  ac- 
curacy of  which  is  rather  uncertain,  for  this  edge  loss  must  be  made. 
When  the  water-cooled  plates  are  used,  only  the  conductivity  can 
be  determined;  without  them  the  outside  surface  coefficient  may  also 
be  obtained.  In  neither  case  can  the  transmission  coefficient  (air 
to  air)  be  obtained. 

15.  The  Determination  of  the  Heat  Transmission  Coefficient 
under  the  Foregoing  Methods. — In  any  of  the  box  methods  of  test- 
in  ir,  the  determination  of  the  heat  transmission  coefficient  (U)  is  a 
comparatively  simple  matter,  but  in  order  to  obtain  any  of  the  other 
coefficients  an  accurate  determination  of  surface  temperatures  must 
be  made.  Various  means  of  temperature  measurement  have  been 
employed  for  this  purpose.  Oil  wells  for  mercury  thermometers  have 
i  sunk  in  the  surface  of  the  material,  the  center  line  of  the  oil 
well  Lying  in  the  plane  of  the  material  being  tested.  Mercury  ther- 
mometers have  been  fully  imbedded  in  the  material,  half-way  im- 
bedded, or  fastened  on  the  surface  in  attempts  to  determine  the  true 
surface  temperature.  Experiments  show  that  the  accuracy  with 
which  mercury  thermometer  determinations  of  surface  temperate 
can  he  made  depends  almost  entirely  upon  the  dimensions  and  the 
nature  of  the  tesl  specimen;  the  temperature  gradient  through  the 
materia]  being  the  governing  factor.  If  the  material  being  tested  is 
thick  with  a  correspondingly  small  temperature  drop  per  inch  through 
the  material,  tie"  displacement  of  the  center  line  <>f  the  thermomel 

with    regard    to   the   surface   of   the    material    is    much    less    important 

than  with  a  comparatively  thin  test   specimen   and   its  correspond- 
ingly steeper  temperature  gradient. 

Dalby  further  complicates  the  matter  by  his  suggestion,  previ- 
ously mentioned,  that  there  is  probably   a  further  drop  of  temp 
ture  head  occurring  jusl  at  the   surface   id'   the   material    which    i^ 
required  to  force  the  tlou  of  heat  across  the  surface.    The  tempera 

ture  head  required  t..  cause  the  th.w  of  beat  through  the  material. 
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however,  is  the  difference  between  the  temperatures  at  each  end  of 
the  temperature  gradient  through  the  material  itself. 

The  temperature  gradient  through  the  material  is  usually  as- 
sumed to  be  a  straight  line.  This  assumption  suggests  the  possibility 
of  determining  the  surface  temperatures  at  two  different  points  along 
this  gradient  and  then  solving  graphically  or  analytically  for  the 
surface  temperatures,  but  most  building  materials  are  not  homoge- 
neous enough  to  warrant  the  straight  line  assumption.  The  density 
of  the  material  must  be  considered  in  determining  the  homogeneous- 
ness  of  the  material. 

Attempts  to  determine  surface  temperatures  by  means  of  plat- 
inum discs  held  against  the  surface  of  the  material  have  been  made 
at  the  Engineering  Experiment  Station  of  Pennsylvania  State  Col- 
lege. 
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V.     Description  of  Specimens,  Testing  Apparatus,  and   Mi.thod 

of  Conducting  Tests 

16.  The  Testing  Plant. — Since  practically  full  size  specimens 
were  to  be  used  in  determining  the  heat  transmission  of  all  the  walls 
investigated  and  in  ascertaining  the  values  of  the  surface  and  con- 
ductivity coefficients,  the  hot  air  box  method  of  testing  was  chosen. 
The  box  was  built  of  the  material  to  be  tested  except  where  means  of 
support  were  needed.  In  order  to  get  convection  conditions  similar 
to  those  in  actual  practice,  the  boxes  were  built  about  the  height  of 
a  room  and  were  supported  on  small  piers;  thus  air  was  allowed  to 
circulate  around  practically  all  parts  of  the  box. 

The  heating  element  was  composed  of  "Yankee  Silver"  res 
tance  wire,*  helically  wound  with  increasing  pitch  from  bottom  to 
top  upon  a  wooden  frame  support  placed  inside  the  box.  With  this 
method  of  heating  it  was  found  after  considerable  experimenting 
that  the  same  variation  in  air  temperature  was  maintained  as  is 
found  in  the  average  room,  that  is,  the  air  was  warmer  near  the  ceil- 
ing than  at  the  floor  line. 

A  voltmeter  across  the  terminals  of  the  resistance  heating  coil, 
an  ammeter  in  the  line,  and  a  water  resistance  box,  or  rheostat,  to 
control  the  current  constituted  the  apparatus  necessary  to  control 
and  determine  the  heat  input  into  the  box.  All  electrical  instru- 
ments were  accurately  calibrated  against  standard  meters  of  the  Elec- 
trical Engineering  Department. 

Air  and  surface  temperatures  were  measured  with  mercury  ther- 
mometers and  thermocouples  or  with  thermocouples  alone.  All  mer- 
cury thermometers  were  carefully  calibrated  against  a  standard  Cen- 
tigrade thermometer  of  known  accuracy. 

A  diagrammatic  sketch  of  the  apparatus  used  for  determining 
the  various  coefficients  is  presented  as  Pig.  8.  Only  one  thermo- 
couple circuit  is  shown  in  the  diagram. 

For  the  moving  air  tests,  in  addition  to  the  apparatus  illustrated 
by  Pig.  8,  a  hood  shown  in   Pig.  9  was  placed  Over  the  column.     This 

hood,  placed  ^<>  that  the  column  was  centrally  located   inside,  was 

connected   to   a   No.    \    Sirocco   multivane   fan   l»y    means   of  B   -1-inch 
duct   about   thirty   feet    long,      A   variah  d  direct-current    motor. 
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belt-connected  to  the  Sirocco  fan,  furnished  the  means  for  varying 
the  velocities  of  air  flow  over  the  surface  of  the  column  being  tested. 
By  means  of  dampers  in  the  hood  the  velocity  of  the  air  was  kept 
uniform  over  the  four  sides. 

A  Pitot  tube  and  a  piezometer  ring  were  used  to  determine  the 
quantity  of  air  discharged  by  the  fan;  consequently  the  velocity  of 
the  air  over  the  surface  of  the  test  column  was  readily  calculated. 

Photographic  views  of  the  test  apparatus  are  presented  in  Figs. 
10,  11,  and  12. 

17.  Calibration  of  Thermocouples. — The  thermocouple  has  been 
found  to  be  better  suited  to  the  determination  of  surface  temperatures 
than  the  thermometer.  The  junction,  when  embedded  just  in  the 
surface  of  the  material,  indicates  the  surface  temperature  as  nearly 
as  it  is  possible,  at  the  present  time,  to  make  such  measurements. 
The  accuracy  of  the  temperatures  determined  in  this  manner  is  also 
dependent  upon  the  temperature  gradient  through  the  material,  but 
owing  to  the  difference  in  dimensions  between  a  thermocouple  junction 
and  the  thickness  of  the  material  to  be  tested,  this  factor  is  not  sig- 
nificant. 

The  thermocouples  used  in  these  tests  were  made  of  copper  and 
a  nickel  alloy  of  copper  called  constantan,  No.  25  B.  and  S.  gage, 
double  silk  covered  wire  being  used.  The  junctions  were  made  by 
fusing  the  ends  of  the  two  different  wires  together  in  the  flame  of 
a  blast  lamp.  Each  junction  was  placed  in  a  glass  tube  closed  at  one 
end  and  filled  with  oil,  and  the  two  wires  were  insulated  from  each 
other  by  a  small  glass  tube  slipped  around  one  of  the  wires. 

Calibrations  were  made  with  a  cold  junction  temperature  of  70 
degrees  F.,  the  hot  junction  temperature  being  controlled  by  means 
of  a  hot-water  bath.  In  series  with  each  couple,  by  means  of  switches, 
were  placed  a  resistance  and  a  Leeds  and  Northrup  Type  H  D  'Arson- 
val  galvanometer  for  indicating  by  angular  deflections  the  current 

orated  and  therefore  the  temperature  in  each  thermocouple  circuit. 
The  deflection  method  of  measuring  the  temperature  difference  be- 
tween the  cold  and  hot  junctions  was  used.     In  order  to  make  this 
method  as  accurate  as  possible,  all  calibrations  were  made  with  the 
anometer  balanced  and  set  in  position  on  a  concrete  pier;  in  this 

ition  it  remained  without  any  change  through  the  set  of  tests  on 
any  specimen  with  which  a  given  set  of  thermocouples  was  connected. 
The  deflection  method  is  considered  entirely  reliable,  if  proper  care 


Pio.  10.     View  o     C        Co  Bho 

in  Place  ind  Othi     Co     hns  \>  Made  Read^   >• 


Fig.  11. 


of  Air  Washer  and  Fan  with  Columns  in  Background 


12.     V  g  A iic  Duct  and  Box  Shield  Around  Column  for  air 

Velocity  Tests 

the    rheostat    and    the   electrical    instruments    for    controlling   and 
pplied    to   the    column    in    the    right    foreground.      The    con- 
r    and    kud-.    to    thermocouples    are    shown    at    the    left.      Note — Small    galvanometer 
shown  on  pier  was  not  used  during  the  teste   reported 
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is  taken,  and  has  been  used  by  other  investigators  in  this  field.  The 
Babcock  and  Wilcox  Company  have  recently  applied  this  method  in 
a  series  of  tests  rim  at  Bayonne,  N.  J.,  on  the  rate  of  heat  transfer 
through  boiler  tubes. 

In  calibrating  thermocouples  it  is  customary  to  hold  the  tem- 
perature, of  the  cold  junction  constant  at  a  predetermined  point,  to 
vary  the  hot  junction  temperature,  and  to  note  the  deflection  of  the 
galvanometer.  Owing  to  the  slight  inconvenience  of  keeping  the  cold 
junction  at  the  temperature  at  which  it  was  calibrated,  some  experi- 
menters prefer  to  run  a  series  of  calibrations  with  the  temperature  of 
the  cold  junction  varying  over  the  range  expected  during  the  test. 

Another  method  of  procedure  is  to  calibrate,  as  in  the  first  case, 
by  holding  the  cold  junction  at  a  certain  temperature  and  then,  with 
a  fixed  hot  junction  temperature,  the  cold  junction  temperature  is 
changed  to  a  point  above  and  to  a  point  below  the  original  temperature 
during  the  calibration.  The  three  readings  or  deflections  are  plotted, 
the  equation  of  the  curve  determined,  and  the  correction  for  the  cold 
junction  temperature  is  readily  made. 

The  first  method  was  followed  during  these  experiments.  A  typi- 
cal set  of  thermocouple  calibration  curves  is  presented  in  Fig.  13.  It 
will  be  noted  that  the  curve  A,  of  the  lower  temperature  differences, 
is  obtained  with  300  ohms  external  resistance  in  the  circuit  while 
1,300  ohms  were  used  to  obtain  the  curve  of  higher  temperature  dif- 
ferences. Tli is  method  gives  a  larger  deflection  for  the  lower  tem- 
peratures than  would  otherwise  be  obtained  with  a  single  fixed 
resistance  in  the  circuit,  yet  the  deflection,  corresponding  to  the 
highest  temperature  to  be  measured,  remains  within  the  range  of 
the  galvanometer. 

After  calibration,  the  so-called  hot  junctions  were  i  1  from 

the  glass  containers  and  fastened  in  position  on  the  surface  of  the 
material  to  be  tested  or  in  the  air  abont  one  inch  from  the  surfs 
All  thermocouples  and  mercury  thermometers  used  for  determining 
air  temperatures  were  shielded  against  direct  radiation  by  means  of 
paper  shields. 

Thermocouples  for  determining  surface  temperatures  were  at- 
tached to  the  Mil-face^  iii  the  manner  described  in  the  following:  For 
wood,  a  thin  shaving  was  glued  over  the  junction,  the  junction  being 
sum. 'what  imbedded  in  the  surface  of  the  material  before  the  appli- 
cation of  the  thin  shaving;  for  the  materials  composed  oi 
the  junction  n  thin  sheet  of  asbe  r  held  against  the 
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surface  with  a  mixture  of  powdered  asbestos  and  water;  for  the 
vitreous  materials,  the  junction  was  fastened  to  the  surface  with  a 
thin  la}'er  of  plaster  of  Paris. 

In  determining  surface  temperatures  with  mercury  thermomet 
it  was  found  that  if  the  thermometer  was  imbedded  in  a  trench  just 
deep  enough  to  permit  the  thermometer  to  lie  entirely  below  the  sur- 
face of  the  material,  the  temperature  recorded  was  higher  than  that 
given  by  the  thermocouple,  the  difference  being  dependent  upon  the 
thickness  of  the  material.  If  the  thermometer  were  placed  against 
the  surface,  all  the  thermometer  being  out  of  the  surface,  yet  cov- 
ered, and  stuck  to  the  surface,  as  previously  described,  it  was  found 
that  the  temperature  recorded  was  somewhat  lower  than  that  recorded 
by  the  thermocouple.  With  comparatively  thick  materials  the  tem- 
peratures indicated  by  the  thermometers  and  the  thermocouples  were 
practically  the  same  when  the  thermometers  were  BO  imbedded  that 
their  axes  lay  in  the  plane  of  the  surface  of  the  material. 

18.  The  Method  of  Conducting  Tests. — The"  temperature  of  the 
air  inside  the  test  column  was  brought  to  the  desired  point  by  allow- 
ing a  relatively  large  current  to  flow  through  the  heating  coil.  As  the 
rising  air  temperature  approached  the  desired  point,  the  current  was 
decreased  until  the  right  amount  was  flowing  to  maintain  the  required 
temperature.  In  all  cases  sufficient  time,  ranging  from  twenty-four 
to  seventy-two  hours,  according  to  the  material  and  its  thickni 
was  then  allowed  to  elapse  in  order  to  insure  constant  heat  flow. 
Readings  of  thermometers,  thermocouples,  and  electrical  instruments 
were  then  taken  at  intervals  of  thirty  minutes.  Prom  five  to  seven 
readings  were  taken  during  each  test,  local  conditions  determining  the 

duration  of  the  tests.     Usually  three  Or   1'our  tests  were   run  on  each 

material,  various  air  temperature  differences  being  maintained   for 
each  test.     In  most  cases  both  mercury  thermometers  and  thermo- 
couples were  installed  for  each  test.    This  installation  made  it  possible 
to  run  both  tests  at  the  same  time,  and  provided  the  data  for  a  dii 
comparison. 

The  moving  air  tests  were  conducted  in  a  manner  similar  to 
that  described  in  the  preceding  paragraph,  and  in  addition  a  tra- 
so  of  the  air  duct  was  made  during  each  test,  the  fan  Bpeed  was 
recorded,  ami  the  exit  velocity  of  the  air  over  tic  four  sides  of 
column  was  checked  with  an  anemometer  at  the  regular  30-minute 
intervals.    The  relative  humidity  of  the  air  was  also  determined 

li    test. 
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In  the  combined  moving  air  and  humidity  tests,  the  humidity  of 
the  air  as  it  left  the  air  washer  was  also  recorded.  The  air  washer 
made  it  possible  to  supply  air  at  practically  one  hundred  per  cent  rela- 
tive humidity  for  the  combined  moving  air  and  humidity  tests. 

19.  Calculations  for  Finding  Coefficients. — The  readings,  taken 
during  a  test,  for  each  thermometer,  thermocouple,  or  electrical  meter 
were  averaged  and  then  corrected  according  to  the  calibration  curves. 
The  corrected  averages  for  any  one  section,  such  as  the  outside  surface 
temperatures,  were  then  averaged,  the  result  being  the  outside  sur- 
face temperature  in  the  case  mentioned.  From  these  final  temper- 
atures the  various  drops,  air  to  air,  wall  to  wall,  air  to  wall,  and  wall 
to  air,  were  determined. 

The  heat  transmitted  was  determined  from  the  electrical  input 
by  means  of  the  following  relation : 

Volts  X  Amperes  X  3.412  ==  B.  t.  u.  loss  per  hour. 
Since  the  heat  input  was  known,  the  various  coefficients  were 
determined  from  the  following  equations : 

II 
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in  which, 

Sm  is  the  mean  area  of  the  inside  and  outside  surfaces  in  square 
feet  and  is  taken  as  the  arithmetical  mean  of  Sx  and  S2. 

flfj  is  the  inside  area  of  the  test  box  in  square  feet. 

\  is  the  outside  area  of  the  test  box  in  square  feet. 

If  is  the  total  heat  transmission  of  the  box  in  B.  t.  u.  per  hour. 

tl  is  the  inside  air  temperature. 

t2  is  the  inside  wall  temperature. 

/,  is  the  outside  wall  temperature. 

t4  is  the  outside  air  temperature. 

In  the  moving  air  tests,  flow  of  air  occurred  over  the  four  sides 
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of  the  test  box  only;  thus  it  is  necessary  to  make  a  correction  to  allow 

for  the  difference  in  loss  of  heat  from  the  ends  and  sides.     It   is 

assumed  that  the  loss  of  heat  from  the  ends  is  the  same  during  the 

moving  air  tests  as  during  the  still  air  tests,  and  the  correction  is 

accordingly  made  in  the  following  manner : 

H8  =  Ht-  uSe   (tx-  Q 
in  which, 

H8  is  the  heat  loss  through  the  sides  in  B.  t.  u. 

//•  is  the  total  heat  loss  from  the  test  box  in  B.  t.  u. 

u   is  the  unit  transmission  of  the  test  box,  obtained  from  the 
still  air  tests. 

9     is  the  moan  area  of  the  ends  of  the  box  in  square  feet. 

tx  is  the  inside  air  temperature  in  degrees  F. 

t4  is  the  outside  air  temperature  in  degrees  F. 

In  determining  the  coefficients  for  the  moving  air  tests,  the  rela- 
tions given  on  page  32  are  used;  H8  is  substituted  for  the  heat  loss, 
and  the  respective  areas  of  the  sides  are  used  instead  of  those  in 
the  entire  box. 

In  making  a  traverse  to  determine  the  quantity  of  air  flowing, 
the  duct  was  divided  into  five  concentric  zones  of  equal  area,  and  read- 
ings were  taken  on  the  circle  which  equally  divided  the  area  of  each 
zone.  The  traverse  wras  made  across  on  one  diameter  only,  thus  giving 
ten  readings  in  inches  of  water,  which  will  be  called  h.  To  calculate 
the  mean  velocity,  these  values  of  h  were  substituted  in  the  following 
equation : 


_  18.27 

'    tit  — 


["(V/i,  +  V/*2  +  V/>3  +etc.)1 


d 
in  which, 

l"      is   the   moan    velocity   in    feet    per   second. 

(1  is  the  density  of  the  air  at  the   mean  temperature   pounds 
per  cubic  foot. 

h  is  the  velocity  pressure  in  inches  <>t"  water. 

h  is  the  Dumber  of  readings  taken. 

Knowing  the  ilocity  of  the  air  in  the  duct,  the  relal 

areas  of  the  duct,  and  the  Bpace  between  the  test  column  and  the 
surrounding  hood,  the  air  velocity  over  the  surface  of  tl  -011111111 

can  readily  be  determined 

Tli.-  space  between  the  hood  and  th<  column  was  changed  in 

goin^    from    the    low    to   the    high    velocity    I  1    order   to    run    the 

tities  as  high  as  desired 
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2  Panes  Glass 
Yi'  Air  Space 
69.3%  Glass 

Single 

Strength 

Glass 

76.3%  Glass 

Sheet  Asbestos 

60  Sheets 
1-64-in.  Thick 

1-in.  Asbestos 
Board 
(Corrugated  Interior) 

— 

— 
- 
-i 

-_ 
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/Cu 

48 
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■i  0 
-2 
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1.00' 
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48.75  Sq.  Ft. 
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50.10  Sq.  Ft. 
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53.61  Sq.  Ft. 
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Thermo- 
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Thermo- 
couple 

Thermo- 
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2-in.  Tile 
1  {  -in.  Plaster  (Both  Sides) 
i  Hitside  Roofing  Covered 

Glass 
Single  Pane 
91.4%  Glass 

Brick, 
One-Course 

p 

ft> 
JJ 

6»" 

Tile  119.86  Lb./Cu.  Ft. 
Roofing  1.34  Lb./Sq.  Ft. 
Gravel  0.83  Lb.  /  Sq.  Ft. 

141.1  Lb. 
/  Cu.  Ft. 

131.9  Lb. 
/  Cu.  Ft. 

V   3 

Tile         2.02' 
Roofing  0.15" 

0.085" 

3.79" 

3  5: 

00    o 
1 

47.61  Sq.  Ft. 
36.06  Sq.  Ft. 
59.15  Sq.  Ft, 
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34 .  08  Sq.  Ft. 
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VI.    Results  and  Test  Data 

20.  Still  Air  Tests. — The  material,  density,  thickness,  and  heat 
transmitting  areas  of  the  various  walls  investigated  are  given  in 
Table  1.  This  table  also  presents  the  average  test  data  for  heat  trans- 
mitted and  temperature  differences  which  are  required  in  calculating 
the  coefficients  V,  C,  Klf  and  Kt.  The  calculated  values  for  each  co- 
efficient are  given  in  the  last  four  columns  of  the  table.  In  most 
cases  there  are  two  separate  sets  of  tests  for  each  material,  the  first 
being  the  mercury  thermometer  tests,  and  the  second  the  thermocouple 
tests.  For  every  thermometer  test  there  is  a  corresponding  thermo- 
couple test,  the  two  having  been  run  at  the  same  time. 

21.  Coefficients  of  Heat  Transmission. — In  each  case,  U  is  the 
heat,  in  B.  t.  u.,  transmitted  by  one  square  foot  of  wall  surface  per 
hour,  per  degree'of  difference  in  air  temperature,  inside  to  outside 
for  the  thickness  of  wall  actually  tested.  For  the  solid  walls,  such  as 
brick,  concrete,  or  cork,  C  is  the  conductivity  of  one  square  foot  of 
wall  surface  per  hour,  per  degree  of  difference  in  the  surface  temper- 
atures, per  inch  in  thickness  of  the  material  tested.  For  walls  made 
of  other  than  solid  materials,  such  as  the  tile  walls,  the  value  of  C 
is  given  for  the  thickness  of  wall  actually  tested.  The  surface  coeffi- 
cient Kr  is  the  heat  received  by  one  square  foot  of  wall  surface  per 
hour,  per  degree  difference  in  temperature  between  the  inside  air 
and  inside  wall  surface.  A\  is  the  heat  emitted  by  one  square  foot  of 
wall  surface  per  hour,  per  degree  of  difference  in  temperature  between 
the  outside  wall  surface  and  the  outside  air.  The  thickness  or  nature 
of  the  wall  does  not  affect  the  determinal  ion  of  surface  coefficients. 

22.  Discussion  of  Hi  suits.  The  values  of  the  transmission  coef- 
ficients, r.  have  undoubtedly  I n  affected  by  the  abnormally  high 

values  of  inside  surface  coefficients,   A'.,  when  based  on  thermocouple 

readings.    The  radiation  from  the  beating  coil  to  the  inside  wall  of 

the  test   column  was  apparently  great   enough   to   make  the  inside  sui- 

fare  coefficient  larger  than  the  outside  one.    It  was  thought  that  with 

this   method   of   beating,   that    is.   eliminating   the    fan    inside   the   box 

•  Hot  Air  Box  method  of  testing),  that  surface  i fficients  CO! 

■ponding  approximately  to  still  air  conditions  would  be  obtained  for 

both  the  Inside  and  outside  surfaces.      In   this  ease,  the  air  to  air  1 


40 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


transmission  of  the  walls  would  have  corresponded  to  still  air  con- 
ditions. 

It  will  be  noted  from  the  result  sheets,  Table  1,  that  the  K2 
values  of  each  set  of  tests  roughly  check  each  other;  this  agreement 
indicates  that  mercury  thermometers  imbedded  half-way  in  the  ma- 
terial give    fairly  close  readings  of  the  outside  surface  temperatures. 

Table  2 
Coefficients  Based  on  Heat  Transmission  Tests 

(See  "Applications  of  Test  Data  to  Typical  Walls") 
Note:     These  values  are  selected  from  Table  1  and  are  based  on  the  tests  run  under 

most  satisfactory  conditions 


No. 

Material 

C  per  1" 

Thickness  per 

Sq.  Ft.  per  1°  F. 

K 

Still  Air  per 
1°F. 

1 

Brick  Wall  (Mortar  Bond  &  Dry  Conditions)    . 

4.00 

1.40 

2 

8.30 

1.30 

3 

1.00 

1.40 

4 

Corkboard 

0.32 

1.25 

5 

Magnesia  Board 

0.50 

1.45 

6 

Glass  (actual  glass  91.4%  of  total  area)        .... 

2.063 

2.00 

7 

2-in.  Tile,  H-in.  plaster  on  both  surfaces      .... 

1.004 

1.10 

8 

4-in.  Tile,  3^-in.  plaster  on  both  surfaces      .... 

0.604 

1.10 

9 

6-in.  Tile,  Yi-va..  plaster  on  both  surfaces      .... 

0.474 

1.10 

10 

2-in.  Tile,  plastered  as  above  and  roofing  covered  . 

0.84 

1.25 

11 

Asbestos  Board 

0.50 

1.60 

12 

Sheet  Asbestos 

0.30 

1.40 

13 

Double  Glass,  J^-in.  air  space  (glass  69 . 3%  of  total  area) 

1.503  4 

2.00 

14 

Roofing1 

5.304 

1.25 

15 

Air  Space2 , 

1.00-1.704 

1  Calculated  from  values  of  C  for  2-in  tile  with  and  without  roofing.      (—  =—  +  pr) 

2  See  "Air  Spaces." 

I  p<r  sq   ft.  of  actual  glass  set  in  wood  frame  but  based  on  total  heat  transmitted. 
4  For  thickness  and  construction  stated,  not  per  1*  of  thickness. 

The  values  of  the  transmission  coefficients,  TJ ',  show  that  for  the  air-to- 
air  coefficient  mercury  thermometers  give  fairly  accurate  results.  For 
ihe  inside  surface  temperatures,  however,  where  oil  wells  imbedded  in 
the  surface  were  used,  the  results  from  the  mercury  thermometer 
tests  are  far  from  correct ;  thus  there  is  no  checking  of  the  K1  and  C 
values  of  the  two  sets  of  tests.     Only  the  thermocouple  temperatures 

to  be  relied  upon  for  inside  wall  temperatures. 

For  calculating  heat  transmission  coefficients  of  simple  or  com- 
pound walls,  it  is,  fortunatety,  only  necessary  to  have  the  coefficients 
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of  conductivity  and  the  surface  coefficients  of  the  materials  composing 
the  wall ;  consequently,  in  selecting  the  coefficients  for  Table  2  only 
the  outside  surface  coefficients  were  considered  in  getting  the  values 
found  under  the  column  headed  K .  These  values  are  the  surface  coef- 
ficients for  still  air  conditions,  and  are  in  B.  t.  u.  per  square  foot  of 
surface  per  hour,  per  degree  difference  between  the  surface  tem- 
perature and  the  temperature  of  the  air  in  contact  with  it.  Values  of 
C  are  in  B.  t.  u.  per  one  square  foot  of  surface  per  hour  per  degree 
difference  between  the  inside  and  outside  surface  temperatures,  per 
inch  in  thickness  for  solid  walls,  and  for  the  actual  thickness  of  hol- 
low walls  of  simple  or  compound  construction.  In  selecting  these 
coefficients,  the  greatest  significance  has  been  attached  to  the  values 
obtained  from  the  tests  of  greatest  air  temperature  differences,  and 
only  the  tests  in  which  thermocouples  were  used  were  considered. 

Attention  is  called  to  the  value  of  C  for  roofing,  deduced  from 
the  values  of  C  obtained  in  the  2-inch  tile  tests  with  and  without 
roofing.     This  value  was  calculated  from  the  relation : 

C     GV  ' 

where  Cx  and  C2  are  the  conductivities  of  the  tile  and  the  roofing 
respectively.  In  the  table  of  coefficients  values  will  also  be  found  for 
the  so-called  conductivity  of  air  spaces,  an  explanation  of  which  will 
be  found  under  the  section  on  air  spaces. 

23.  Moving  Air  Tests. — Kesults  of  the  moving  air  tests  on  brick 
are  presented  in  Table  3. 

Curves  showing  the  effect  of  the  velocity  of  air  on  the  various 
coefficients  for  a  4-inch  brick  wall  are  given  in  Pigs.  14  and  15.  -lust 
why  A',,  the  inside  surface  coefficient,  should  increase  with  an  bi- 
asing air  velocity  over  the  outside  of  the  box  is  difficult  to  explain. 
Air  moving  over  the  outside  surface  causes  the  outside  Surface  tem- 
peratures to  approach  that  of  the  outside  air  with  an  increase  in 
velocity.     The  loss  of  heat  being  practically  the  same  in  all  but  a  few 

of  the  tests,  the  temperature  of  the  inside  surface  would  have  to  drop 
until  the  temperature  gradienl  through  the  material  was  the  sane 

in   the  still   air  tests.      On  account    of   the   Lowering  Of  the   inside   wall 

temperature,  a  drop  of  the  inside  air  temperature,  of  such  magnitude 

that  the  coefficient   for  the  inside  surface  would  l.e  tl  under 

still  aii-  conditions,  would  he  i  d.     A ••■  ording  to  tl 

ature  difference  is  Less  than  this  amount,  resulting  in 
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an  increase  of  Klt  with  the  velocity  of  the  air.  The  conductivity  curve 
is  practically  horizontal,  as  would  be  expected,  since  the  moan  tem- 
perature of  the  material  was  about  the  same  for  all  the  tests.  The 
transmission  curve  increases  with  the  air  velocity  in  a  manner  similar 
to  the  increase  of  the  outside  surface  coefficient. 
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24.  Discussion  of  Results. — Results  of  the  moving  air  tests  on 
wood  are  presented  in  Table  4.  These  data  are  plotted  on  the  curve 
sheets,  Figs.  16  and  17,  and  show  the  rate  of  change  of  the  various 
coefficients  with  air  velocity.  The  remarks  regarding  Kx  for  the 
brick  box  tests  apply  equally  well  to  the  Kx  values  for  the  wood  box 
tests.  In  the  still  air  tests  the  value  of  Kx  for  wood  is  evidently 
incorrect  and  has  been  disregarded  in  drawing  the  Kt  curve  for 
this  material. 
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25.     Th<   Effect  of  Variations  in  Relative  Humidity  on  Surface 

Coefficients. — Results  of  the  saturated  air  tests  on  the  brick  box  are 
presented  in  Table  5,  and  those  on  the  wood  box  in  Table  6.  Curves 
of  the  various  coefficients  determined  from  the  saturated  air  tests 
on  the  wood  box  are  shown  in  Fig.  18. 

The  three  curves  shown  in  Fig.  19,  which  are  taken  from  the  A'. 
Curves  in  Pigs.  14  and  16,  at  the  lower  velocities,  and  the  four  points 
plotted,  which  are  obtained  from  the  data  of  the  saturated  air  tests 
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on  the  brick  box  in  Table  5,  show  the  effect  of  humidity  on  the  outside 
surface  coefficients.  The  conclusion  is  that  the  increase  in  humidity 
has  no  appreciable  effect  on  the  outside  surface  coefficient  for  brick, 
while  in  the  case  of  wood  an  increase  is  apparent.  The  practical  im- 
portance of  this  conclusion  is  doubtful,  since  the  increase  would  be 
negligible  in  making  a  calculation  for  the  heat  transmission  through 
a  wall. 


Fig.     20.     U  Curves,  Air  Velocity  Below  2000  Feet  Per  Minute 

The  three  curves  shown  in  Fig.  20,  taken  from  the  u  curves  in 
Figs.  15,  17,  and  18,  at  the  lower  velocities,  and  the  four  points 
plotted,  which  are  obtained  from  the  results  of  the  saturated  air 
tests  on  the  brick  box  Table  5,  show  the  effect  of  humidity  on  the 
heat  transmission  coefficient.  The  plotted  points  lie  close  enough 
to  the  curve  for  brick  with  partially  saturated  air  to  justify  the  con- 
clusion that  increasing  the  relative  humidity  from  an  average  of  51.6 
per  cent  to  an  average  of  95.9  per  cent  does  not  increase  the  heat 
transmission  through  a  brick  wall  four  inches  thick.  In  the  case 
of  the  wood  box,  the  effect  of  increasing  the  relative  humidity  of  the 
air  from  an  average  of  71.3  per  cent  to  an  average  of  96.9  per  cent 
is  also  practically  negligible. 

26.  The  Value  of  Air  Spaces. — Heat  is  transferred  across  an 
air  space  by  means  of  all  three  methods  of  heat  transfer,  radiation, 
convection,  and  conduction. 

AVith  a  large  drop  in  temperature  across  the  air  space  the  circu- 
lation of  the  air  will  obviously  be  more  rapid,  and  the  convection 
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loss  will  therefore  be  greater  than  with  a  small  drop.  Removing 
the  air  from  the  space  has  no  appreciable  effect  until  a  very  high 
vacuum  is  reached,  as  Niisselt*  found  that  a  29.96-inch  vacuum  (re- 
ferred to  a  30-inch  barometer)  had  little  effect  on  the  loss  by  con- 
vection. In  order,  therefore,  to  reduce  the  loss  by  convection  to  an 
appreciable  amount  a  very  high  vacuum  is  necessary.  Convection 
loss,  then,  depends  on  the  velocity  of  circulation  of  the  air,  which 
varies  with  the  temperature  difference  of  the  two  containing  walls. 

Aii-  is  a  pooi-  conductor  of  heat,  and  this  fact  accounts  for  the 
general  belief  that  no  matter  what  the  structure  air  spaces  built  into 
walls  will  reduce  the  loss  of  heat  to  a  uxeat  extent.  The  double  glass 
box  with  a  half-inch  air  space  between  the  panes  illustrates  the  value 
of  an  air  space  in  const  ructions  of  this  nature.  A  comparison  of 
the  brick  and  tile  tests  shows  favorable  results  for  the  air  space. 

When  higher  temperatures  than  those  met  in  ordinary  building 
wall  construction  are  encountered,  however,  the  transfer  of  heat  across 
an  air  space  assumes  a  different  aspect.  For  the  lower  temperature 
differences  the  radiation  factor  is  not  of  \^vy  great  importance.  But 
since  the  quantity  of  heat  which  passes  across  an  air  space  by  means 
of  radiation  is  proportional  to  the  difference  of  the  fourth  powers  of 
the  absolute  temperatures  of  the  surfaces i  enclosing  the  air  space. 
it  is  evident  that  the  radiation  loss  will  increase  rapidly  with  the 
temperatures  of  the  two  surfaces,  althoughl  the  difference  between 

these  BUrfaces  remains  constant.  On  the  other  hand,  if  a  solid  ma- 
terial such  as  used  in  building  walls  should  be  used  instead  of  the 
air  spare,  the  heat  would  be  transferred  through  it  by  means  of  con- 
duction   alone.      The    amount    of    heat    lost    by    conduction,    moreover. 

woidd  increase  only  Blightly  with  an  increase  in  temperature  if  the 

temperature  difference   between    the   two   surfaces   remained   constant. 

An  air  space  may  thus  he  as  effective  a  heat    insulator  as  a  solid 

insulating    material,    at    the    lower    temperatures    and    with    the    same 

temperature  difference,   but    with   a   higher   mean   temperature  and   the 

same  temperature  difference,  the  air  space  would  prove  to  be  \^vy 

inefficient. 

Ray  and  ECreisinger)  state  that    the    amount    of    heat    passing 

through   furnace  walls  would  be  much   reduced   if  the  air  spaces  w 
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filled  with  brick  or  preferably  with  materials  of  poor  conductivity, 
such  as  ash,  sand,  or  mineral  wool.  In  other  words,  because  of  the 
radiation  factor,  when  heat  at  low  temperatures  is  to  be  insulated, 
use  air  spaces ;  when  heat  is  at  high  temperatures  as  in  the  case  of 
furnace  walls,  use  solids  of  poor  conductivity. 

From  the  results  of  the  single  glass  and  the  double  glass  box 
tests,  the  so-called  conductivity  of  the  %-inch  air  space,  meaning  by 
"so-called  conductivity"  the  B.  t.  u.  loss  per  square  foot  per  hour 
per  degree  of  difference  in  the  surface  temperatures  of  the  two  con- 
taining walls,  is  found  to  be  1.77. 

Prof.  L.  A.  Harding,  in  a  Pennsylvania  State  College  Experiment 
Station  Bulletin,  gives  a  value  of  1.66  for  the  so-called  conductivity 
of  air  spaces  ranging  from  one  to  six  inches  in  thickness.  From  tests 
reported  in  Ice  and  Refrigeration*  a  value  of  1.25  is  deduced  for  a 
1-inch  air  space.  From  tests  on  a  steel  mail-car  side,  reported  by 
Prof.  A.  C.  Willard,f  a  value  of  1.59  is  deduced  for  a  4-inch  air  space. 
Niisselt  states  that  air  spaces  greater  than  %  inch  in  thickness  give 
no  additional  value  for  heat  insulating  purposes,  a  statement  sub- 
stantiated by  the  foregoing  data.  An  average  of  the  previously  men- 
tioned values  gives  a  value  of  1.57  for  the  "so-called  conductivity" 
of  an  air  space. 

From  the  data  already  presented,  the  temperature  drop  across 
the  air  space  was  calculated,  and  a  curve  was  plotted  with  air-tem- 
perature differences  as  abscissae  and  the  so-called  conductivity  of  air 
spaces  as  ordinates.  The  curve,  indicating  the  variation  of  the  so- 
called  conductivity  with  the  temperature  difference  across  the  space, 
is  shown  in  Fig.  21. 

In  making  calculations  for  heat  transmission  coefficients  of  com- 
pound walls,  an  air  space  may  be  treated  in  either  of  the  following 
ways :  the  air  space  may  be  regarded  as  a  solid  insulating  mate- 
rial through  which  the  heat  passes  according  to  the  so-called  con- 
ductivity theory  or  considering  the  transfer  by  the  three  methods, 
radiation,  convection,  and  conduction,  the  radiation  and  convection 
action  may  be  combined  into  a  single  surface  coefficient  and  the  true 
conductivity  of  the  air  neglected.  For  every  air  space  two  surface 
coefficients,  accordingly,  would  be  considered.  If  different  surfaces 
d  the  air  space,  different  surface  coefficients  would  be  used  for 
the  two  walls. 


trigerating  World,  October,   1914. 
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It  has  been  customary  to  assume  still  air  conditions  inside  the 
air  space,  and  consequently  to  use  the  surface  coefficients  correspond- 
ing to  this  condition.  This  assumption  gives  values  for  U,  when  cal- 
culated which  are  generally  in  accord  with  the  actual  transmission 
values  obtained  in  tests  of  hollow  building  walls.  It  would  probably 
not  prove  true  for  air  spaces  at  high  temperatures,  as  in  furnace  work. 
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VII.   Applications  of  Data  to  Typical  Simple  and  Compound 

Walls 

27.  Types  of  Wall  Construction. — Reference  has  already  been 
made  to  the  fact  that  it  is  manifestly  impossible  to  test  all  types 
and  combinations  of  building  materials  used  in  actual  wall  construc- 
ion.  It  will,  therefore,  generally  be  necessary  to  calculate  from  test 
data,  similar  to  those  given  in  this  bulletin  and  amplified  by  fur- 
ther tests,  the  values  of  the  overall  or  heat  transmission  coefficients 
(U)  for  many  walls.  Two  cases  exist,  one  involving  solid  walls  of  one 
or  more  materials  and  the  other  including  hollow  walls  of  simple  or 
compound  construction  with  one  or  more  air  spaces. 

28.  Solid  Wall  Construction. — In  a  simple  wall  or  a  compound 
wall  without  air  spaces  there  are  two  surfaces  which  enter  into  the 
calculations  for  the  heat  transmission  coefficient.  For  the  inside  sur- 
face a  coefficient  corresponding  to  still  air  conditions  is  used.  This 
is  obtained  from  the  list  of  coefficients,  Table  2.  For  the  outside 
surface  a  coefficient  of  three  times  that  corresponding  to  still  air 
conditions  is  used;  this  allows  for  a  wind  velocity  of  practically  fif- 
teen miles  per  hour.  The  conductivity  values  for  the  materials  in- 
volved are  obtained  from  the  same  table  of  coefficients.  With  these 
values  substituted  in  the  heat  transmission  formula,  the  heat  loss 
in  B.  t.  u.,  per  square  foot,  per  hour,  per  degree  of  difference  in  air 
temperatures  is  obtained  and  the  total  loss  through  the  walls  of  a 
building  for  any  given  air  temperature  difference  may  be  readily  cal- 
culated, as  shown  by  Fig.  2. 

The  walls  shown  involve  materials  for  which  tests  have  already 
been  run  to  determine  Klf  K2  and  C.  Additional  tests  will  furnish 
data  \'<>v  a  variety  of  materials  which  are  not  so  generally  used  as  those 
listed  in  Table  2. 

29.  Air  Space  Construction. — For  walls  containing  an  air  space 
or  -paces,  the  accepted  method  of  determining  the  heat  transmission 
of  the  wall  is  the  same  as  that  for  a  simple  or  compound  wall  with  the 
addition  of  two  surface  coefficients  for  each  space  included  in  the  con- 
Btruction.  The  surface  coefficients  used  for  air  spaces  are  those  used 
for  still  air-  conditions.     As  mentioned  before,  however,  this  assump- 
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tion  of  still  air  conditions  in  an  air  space  is  probably   not   true  in 
all  cases. 

To  determine  the  heat  transmission  of  a  wall  containing  an  air 
space  according  to  this  alternate  method,  the  following  tentative  solu- 
tion may  be  adopted :  The  temperature  drop  across  the  air  space  is 
assumed,  the  so-called  conductivity  value  is  determined  from  the  curve. 
Fig.  21,  calculation  for  the  transmission  coefficient  is  mad.',  and  the 
loss  for  the  overall  air  temperature  difference  determined.  Dividing 
this  value  by  the  conductivity  value  used  for  the  air  space  gives  the 


20 

18 

GL, 

<VSS   E 

JOX    T 

esto 

STEEl 

_   MAI 

L  CA 

R   SID 

E  TE« 

5T 

16 

Ir      ® 

14 

12 

Oil 

D 

WOOI 

D  BOX 

;   TES 

T 

0)         loo 
.OSS   PER    1 

D 

4     1-' 

00 

2 

0 

A 

l 

<\R  TE 

o 

IMPEF 
2 

*ATUF 

o 

RE    Dl 

3 

"FERI 
0 

:nce 

4 

-DEG 

o 

REES 

i 

FAH 
0 

R 

Bl.    Ti  I  I  km  8  Oo  HON, 

1 1  D  \v 


5  \  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

temperature  drop  across  the  air  space.  This  result  should  check  the 
assumed  temperature  drop  if  the  assumption  is  correct.  If  the  re- 
sulting temperature  is  greater  than  the  assumed  one,  an  assumption 
of  temperature  drop  larger  than  the  previous  one  is  made,  and  cal- 
culations are  made  again,  and  so*  on  until  the  calculated  drop  checks 
the  assumed  one. 
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VIII.     Conclusions 

The  following  summary  includes  the  more  important  conclu- 
sions which  have  been  drawn  from  the  results  of  the  investigation: 

(1)  For  determining  the  transmission  coefficient,  air  to  air,  and 
the  outside  surface  coefficient,  mercury  thermometers  may  be  used 
and  if  properly  installed  will  give  results  of  practically  the  same  ac- 
curacy as  those  determined  with  the  thermocouples.  Mercury  ther- 
mometer wells  were  shown  to  be  of  no  value  in  determining  surface 
temperatures.  The  method  finally  adopted  was  to  imbed  the  ther- 
mometer in  the  surface  so  that  its  center  line  would  lie  in  the  plane 
of  the  surface  of  the  material  being  tested.  Thermocouples  are  to 
be  preferred  for  determining  temperatures  in  this  work. 

(2)  A  variation  in  the  air  velocity  over  the  surface  affects  both 
the  air-to-air  coefficient  and  the  outside  surface  coefficient.  The 
outside  surface  coefficients  of  brick  and  wood  surfaces  are  affected 
in  practically  the  same  manner  at  the  lower  air  velocities,  while  the 
coefficient  for  brick  gradually  rises  above  that  of  wood  for  the  higher 
velocities. 

(3)  The  coefficient  of  transmission,  U,  for  a  simple  or  com- 
pound wall,  iloor,  or  roof  can  be  readily  computed  provided  the  sur- 
face coefficients  for  the  building  materials  used  in  the  surfaces  are 
known  for  both  still  and  moving  air  conditions.  It  is  also  necessary 
to  know  the  coefficients  of  conductivity  for  all  the  materials  used  in 
the  wall.  These  coefficients  should  be  determined  on  full  size  walls 
for  the  temperature  ranges  usually  encountered.     (See  Applications 

.  2  .  The  effect  of  moving  air  is  to  increase  the  value  of 
the  outside  surface  coefficient,  and  this  increase  involves  the  com- 
bined action  of  heat  transfer  by  radiation  and  convection.  While 
this  effect  is  variable,  according  to  the  velocity  of  wind,  it  Beems 
evident  thai  il  can  always  be  expressed  as  some  function  of  the  still 

air  coefficient    for  the  same  wall;  thus   where   the  average  wind   mo 

ment  during  the  heath         uson  is  approximately  fifteen  miles 
hour,  a  value  of  A'.        ;;a\  is  recommended.     In  any  case,  the  I 

data    presented    herewith    indicate    the    manner   and    degree    in    which 

the  factor  varies  for  different  velocities  bo  that  the  value  of  Kt  can 
be  modified  to  conform  with  the  conditions  of  wind  movement 
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isting  in  the  locality  where  the  heat  transmission  data  are  to  be  ap- 
plied. 

(4)  The  effect  of  the  relative  humidity  of  the  air  on  the  heat 
transmission  of  an  ordinary  building  wall  is  so  small  that  it  can  safely 
be  neglected  in  determining-  the  total  heat  loss  from  a  building.  An 
increase  in  the  relative  humidity  of  the  air  causes  a  slight  increase 
in  the  value  of  the  surface  coefficient;  hence  the  overall  transmission 
coefficient  becomes  larger.  If  the  walls  are  actually  wet  so  that  they 
absorb  moisture,  the  coefficient  of  conduction,  C,  may  be  seriously  af- 
fected, as  in  the  case  of  brick  work  where  an  increase  of  at  least  twen- 
ty-five per  cent  may  easily  occur. 

(5)  Air  space  construction  is  of  value  at  low  temperatures,  but 
not  at  high  temperatures.  In  all  cases  the  heat  transmission  across  an 
air  space  will  rapidly  increase  not  only  with  an  increase  in  the  tem- 
perature difference  in  the  enclosing  walls  but  also  with  the  same  dif- 
ference of  temperature,  if  the  absolute  values  of  the  enclosing  wall 
temperatures  are  increased. 
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AN  INVESTIGATION  OF  TWIST  DRILLS 


I.      IXTRODUCTInX 

1.  Purpose. — Doling  recent  years  the  economic  importance  of 
increasing  production  in  modern  manufacturing  has  stimulated 
development  and  improvement  in  shop  practice,  in  machinery,  and 
in  metal  working  process.     Practice  governing  the  cutting  of  metals 

has  had  an  important  bearing  upon  the  rate  of  production,  and 
competition  among  manufacturers  to  cut  down  costs  has  resulted 
in  great  improvements  in  the  practical  application  of  metal  cut- 
ting tools.  In  this  development  the  engineer-scientist  and  the  organi- 
sations devoted  to  experimental  research  have  not  had  an  important 
part,  and  the  design  of  metal  cutting  tools  has  not  been  based  upon 
an    exact    knowledge    of    performance.      The    in\  ion    of    twist 

drills,  the  results  of  which  are  here  reported,  is  the  first  of  a  Bei 
of  investigations  of  the  design  and  performance  of  metal  cutting  tools 
planned  by  tin1  Engineering  Experiment  Station. 

Unlike  many  of  the  tools  employed   with   machinery  companion 
of  the  drill-press,  the  twisl  drill  is    normally   the   product    of   tool 
making  establishments  especially  equipped  for  its  manufacture.    One 
result  of  this  plan  of  manufacturing  has  been  a  standardization 
design  and  of  methods  of  production  to  a   degree  er  than   is 

found  in  the  manufacture  of  other  metal-working  tools.     So  closely 

have   manufactures   followed   a   common    practice   that   twist   drills  of 

different  makes  are  very  similar  or  practically  identical  in  appear- 
ance.   Only  after  minute    inspection    can    variations   in    design 

detected;  and  these  are  Blight.     An  extra  thousandth  of  an  inch  more 

in  the  web,  a  few  degrees  more  or  less  in  the  helix  angle,  and  different 
standard-  of  machining  and  linishin-_r  are  the  characteristics  distin- 
guishing one  drill  from  another.  This  similarity  in  form  and  the 
general  excellence  of  performance  have  helped  to  remove  the  twist 
drill  from  the  field  <>f  the  investigator. 

There  is  little  information  regarding  the  comparative  perform- 
ance of  drills  of  different  makes,  and  the  producer  who  is  constantly 
facing  a  multitude  of  unsolved  problems  lias  not  concerned  himself 
with  the  twist  drill.  Although  a  number  of  investigators  in  this  coun- 
try ami  abroad  have  made  Btudies  of  the  drilling  of  metals  during 
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the  past  decade  and  have  contributed  much  to  the  knowledge  of  the 
subject,  the  existing  data  emphasize  the  gaps  yet  to  be  filled  rather 
than  the  extent  of  the  ground  already  covered.  This  statement  does 
not  reflect  in  any  manner  whatever  on  the  work  which  has  already 
been  done.  The  fullest  recognition  is  recorded  the  work  of  those 
investigators  who  have  contributed  all  the  existing  knowledge  of 
drills  and  drilling,  but  the  subject  is  large  and  investigators  have 
usually  worked  independently  on  certain  individual  phases  of  the 
problem  without  reference  to  a  coordinate  program. 

The  experiments  reported  in  this  bulletin  were  undertaken  pri- 
marily to  solve  certain  problems  relating  to  drilling  which  arose  in 
the  University  laboratories  and  in  the  shops  of  manufacturers,  and 
the  purpose  has  been  to  establish  facts  relating  to  every  day  prob- 
lems of  shop  practice.  Data  have  been  obtained  on  the  basis  of 
which  the  influence  of  the  angle  of  helix  and  of  the  methods  of  point 
grinding  upon  the  power  required  by  the  drill  might  be  studied. 
The  absorption  of  power  by  the  drill-press  has  been  noted  and  the 
subject  of  drill  endurance  for  different  angles  of  grinding  has  been 
briefly  investigated.  All  experiments  have  been  made  upon  cast  iron 
of  fairly  soft  composition. 

The  fact  is  emphasized  that  the  investigations  here  reported 
are  essentially  preliminary.  It  is  the  present  purpose  to  extend  the 
work  in  the  experimental  study  of  drilling  through  a  series  of  sev- 
eral investigations,  and  it  is  probable  that  many  of  the  data  and 
conclusions  here  presented  will  be  shown  in  their  true  value  only 
after  the  projected  program  of  investigations  is  further  advanced. 

2.  Acknowledgments. — The  investigations  were  conducted  by 
the  Department  of  Mechanical  Engineering  as  the  work  of  the  En- 
gineering Experiment  Station  of  the  University  of  Illinois.  Dean 
C.  R.  Richards,  Dean  of  the  College  of  Engineering  and  formerly 
head  of  the  Department  of  Mechanical  Engineering  at  the  University 
of  Illinois,  exercised  general  direction  over  the  work.  Director  B.  W. 
Benedict  supervised  the  tests,  the  laboratory  work  of  which  was 
conducted  by  W.  P.  Lukens.  Upon  the  latter  fell  the  burden  of  the 
work  involved  in  the  making  of  the  tests,  and  the  compilation  of  data 
for  publication.  G.  II.  Radebaugh  and  the  other  members  of  the 
staff  of  the  Shop  Laboratories  gave  valuable  assistance  in  construct- 
ing and  reconstructing  some  portions  of  the  apparatus. 
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II.    Methods  Employed  and  Apparatus  Used  in  Conducting 

the  Tests 

3.  Drills  Used. — One-inch  high-speed  drills  were  used  through- 
out the  tests.  This  size  was  chosen  on  account  of  the  strength  of 
the  drills  and  the  small  risk  of  breakage  under  heavy  loads.  It  was 
also  felt  that  this  size  was  representative  and  that  the  data  obtained 
would  form  the  basis  for  correct  deductions  respecting  drill  perform- 
ance in  general.  Drills  of  many  prominent  makers  were  purchased 
and  were  tested  under  similar  operating  conditions.  Little  difference 
was  observed  in  the  character  of  the  drills  made  by  various  manu- 
facturers, but  their  design  was  shown  to  have  a  marked  influence  on 
performance. 

Drills  with  eight  different  helix  angles  (measured  with  the  axis 
of  the  drill)  were  used  in  the  greater  number  of  these  tests.  The 
drills  with  the  10-,  35-,  40-,  and  45-degree  angles  were  made  espe- 
cially for  the  tests  by  a  well-known  twist  drill  manufacturer,  while 
the  22-,  26-,  and  32-degree  and  the  32-degree  flat-twist  drills  were 
obtained  on  the  market  from  standard  stock.  For  convenience  in 
recording  test  results,  these  drills  were  designated  by  the  letters  "A" 
to  "H, "  inclusive,  as  indicated  in  the  following  list: 

"A" — Helix  Angle  10  degrees 

"B" — Helix  Angle  22  degrees 

"C" — Helix  Angle  26  degrees 

"D"— Helix  Angle  27  to  32  degrees 

"E"- Helix  Angle  35  degrees 

"F" — Helix  Angle  40  degrees 

1 '  G ' ' — Helix  Angle  45  degrees 

"H"— Helix  Angle  32  flat  twill 

A  photograph  of  drills  "B"  to  "G"  inclusive  is  reproduced  as 
Fig.  1.  Cross-sections  of  all  the  drills  are  shown  by  Fig.  2.  The 
variation  in  the  form  of  drills,  even  when  the  product  of  the  same 
manufacturer,  is  well  shown,  while  the  greater  chip  ipaee  afforded 
by  the  larger  helii  angle  may  be  noted.  The  method  of  point  thin- 
oing  used  on  drill  "II"  is  shown  in  Pig.  56.  In  Pig.  3  are  shown 
graphically  the  variations  In  web  thickness  from  point  to  hilt  of  all 
teal  diills  except  "II,"  which  was  given  the  uniform  thickness  of 

0.125  inches.     It  will  be  note,!  that  drill  "A"  in  being  thinner  toward 
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the  tang  is  made  contrary  to  the  usual  practice,  probably  because  of 
an  error  in  the  set-up  of  the  milling  machine.  This  drill  ultimately 
broke  in  testing  and  was  replaced  by  another  10-degree  drill  with  a 
thicker  web.  Drill  "B,"  as  shown  in  Figs.  1  and  2  has  the  heel  of  the 
flute  cut  away  for  the  entire  length ;  yet  it  is  apparently  amply  strong 
and  has  the  advantages  of  giving  greater  chip  space.  It  is  also  easier 
to  grind  and  possibly  uses  slightly  less  metal. 


□  HILL  A 
mELIX  ANGLE     10° 


-IEUX  ANGLE;    22° 


HELIX  ANGLE-  26° 


HELIX  ANGLE,  27°  TO  32° 


DRILL  E 
HELIX  ANGLE     35° 


-IELIX  ANGLE  40° 


HELIX    ANGLE   45° 


MCUX  ANGLE  32> 


Fig.  2.     Sections  of  the  Various  Types  op  Drills  Used  in  the  Tests 


Other  drills  used  in  some  of  the  point  angle  and  chisel  edge  tests 
or  in  the  endurance  tests  were  standard  drills  of  various  manu- 
facturers. 


4.  Tent  Blocks. — The  test  material  consisted  of  soft  cast  iron 
blocks  made  in  the  foundry  of  the  University.  Every  effort  was 
made  to  produce  blocks  of  uniform  structure  and  chemical  composi- 
tion. To  insure  uniformity  the  blocks  were  cast  in  bars  as  shown 
by  Fig.  4  and  were  then  planed  on  the  bottom.     Since  most  of  the 


AN   INVESTIGATION   OF    TWIST   DRILLS 


15 


16  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

air  holes  and  impurities  occurred  near  the  unplaned  surface  or  top 
of  the  block,  this  planing  of  the  bottom  left  metal  of  uniform  struc- 
ture for  a  depth  of  five  or  six  inches  and  also  removed  the  hard 
surface  skin.  After  planing,  the  bars  were  broken  into  blocks,  each 
of  which  weighed  about  forty-five  pounds.  The  blocks  were  of  suf- 
ficient size  to  permit  the  drilling  of  eight  test  holes.  Less  than  one- 
fifth  of  the  metal  in  the  block  was  removed  by  drilling.  All  drilling 
was  in  finished  surfaces.  Fig.  5  shows  a  number  of  the  test  blocks 
ready  for  use,  and  also  used  blocks  and  chips  from  several  days' 
testing. 

5.  The  Drill-Press  and  Motor. — The  drilling  machine  used  was 
a  22-inch  all  geared  drill-press.  It  was  considered  essential  for  pur- 
poses of  these  tests  that  no  slippage  occur  between  the  motor  and 
the  drill,  and  all  speeds  and  rates  of  feed  were  controlled  by  gears, 
so  that  the  operation  was  positive  and  exact.  All  gears  and  bear- 
ings, except  the  spindle  sleeve,  were  oiled  automatically,  and  most 
of  the  gears  were  run  in  a  bath  of  oil.  The  bearings  throughout 
were  of  babbitt  metal,  except  the  ball  thrust  bearing  on  the  spindle. 
Most  of  the  gears  were  of  chrome-nickel  steel,  and  the  final  feed  drive 
to  the  spindle  was  by  rack  and  pinion.  All  speed  and  feed  change 
levers  were  accessible. 

The  motor  used  for  driving  the  drill-press,  shown  in  Fig.  5,  was 
a  25-horse-power  alternating  current,  two-phase,  440-volt  Westing- 
house  motor  running  at  1200  r.  p.  m.  Although  it  was  frequently 
necessary  to  operate  the  motor  at  loads  approximating  one  hundred 
per  cent  overload,  the  regulation  was  very  satisfactory;  the  speed 
variation  being  usually  less  than  one  per  cent;  in  many  of  the  tests, 
therefore,  it  was  unnecessary  to  calculate  the  speed  independently. 
The  highest  recorded  load  during  a  test  was  54  h.  p.,  15  h.  p.  being  de- 
livered to  the  drill  point.  The  power  was  transmitted  through  double 
helical  cast  iron  gears  to  the  drill-press,  the  gears  running  in  fibre 
gear  grease  in  a  tight  case. 

6.  The  Dynamometer. — A  view  of  the  dynamometer  under 
working  conditions  is  presented  as  Fig.  7.  At  A  (see  also  Fig.  6) 
is  shown  a  cord  which  runs  through  a  pulley  system  from  the  drill 
spindle  to  rotate  the  torque  and  thrust  cards  at  a  rate  which  permits 


Fig.  4.     Test  Blocks  Cast  ix  Bars 


Fig.  5,     Drill  pri  ss,  Moto  t,   i 


Kl,;.  6.     the  Dbill-pbess  and  Dynamometers 
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the  circumferential  traverse  of  the  pen  on  the  record  to  be  read  in 
inches  of  spindle  advance.  At  B  is  shown  the  torque  gage  and  at 
C  the  thrust  gage,  recording  the  pressures  in  the  reservoirs  D  and 
E  respectively.  At  F  is  shown  the  casting  for  holding  the  test  block, 
and  at  G  a  circular  pan  to  catch  the  chips.  The  cord  A  passing 
around  pulleys  on  the  dial  shafts  is  held  taut  by  the  weight  K,  so 
that  the  motion  of  the  cards  is  sufficiently  uniform  for  test  purposes. 
By  means  of  the  pendulum  shown  in  Fig.  8  a  time  record  is  obtained 
on  the  torque  card,  the  pendulum  being  timed  to  complete  an  elec- 
trical contact  each  second.  The  wires,  L,  lead  to  an  electro-magnet, 
which  actuates  the  recording  pen,  and  yields  a  record  which  may 
be  correlated  with  torque  coordinate  of  the  torque  card  to  give  the 
drill  penetration  in  inches  per  minute.  These  seconds'  marks  may  be 
clearly  seen  on  the  torque  card  shown  in  Fig.  7  and  it  may  be  noted 
that  the  drill  took  practically  16  seconds  to  penetrate  2.5  inches, 
or  the  rate  of  penetration  was  9.4  inches  per  minute.  Since  the  feed 
per  revolution  in  this  instance  was  known  to  be  exactly  0.0256  inches, 
the  r.  p.  m.  may  be  calculated  by  dividing  0.0256  into  9.4.  The 
arrangement  of  the  time  recorder  was  changed  slightly  between  the 
taking  of  the  photographs  for  Figs.  6  and  7. 

The  dynamometer  is  clamped  to  the  fixed  table  of  the  drill  base 
and  in  effect  consists  of  two  distinct  dynamometers  of  similar  type, 
one  recording  torque  and  the  other  thrust.  Both  dynamometers  are 
of  the  hydraulic  type  and  employ  a  mixture  of  alcohol  and  glycerine 
as  the  transmitting  medium.  Heavy  rubber  diaphragms  were  used 
for  taking  the  load  and  retaining  the  fluid.  The  pressure  on  the 
diaphragms  is  recorded  upon  the  chart  of  a  Bristol  recording  gage, 
the  whole  system  being  calibrated  as  a  unit  to  insure  accurate  results. 

The  thrust  dynamometer  consists  of  a  cast  iron  cylinder  of  11;-;. | 
inches  internal  diameter,  containing  practically  one  gallon  of  fluid. 
Upon  the  rubber  diaphragm  covering  this  chamber  rests  a  disc  hav- 
ing a  diameter  slightly  smaller  than  the  inner  diameter  of  the 
reservoir.  Besting  on  this  disc  and  supporting  another  disc  on  which 
the  test  piece  is  clamped  is  a  large  ball-thrust  bearing  which  permits 
the  upper  disc  to  rotate  with  a  minimum  amount  of  friction.  Pro- 
jecting   from    the   upper   disc    is    a    radial    arm    which    transmits    the 

torque  of  the  drill  to  a  vertical  reservoir  at  the  left.    Prom  the  Said 

BTVOir  a  pipe  lcad>  to  the  standard   Bristol   recording  gage,   which 
■  rds  tic-  pressure  in  the  usual  manner.     The  tnnpie  arm  (J,  Pig,  7) 
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such  length  that  the  distance  from  the  drill  center  to  the  point 
of  application  of  the  torque  at  the  reservoir  is  exactly  one  foot; 
consequently  readings  of  the  torque  are  given  in  foot-pounds  on  the 
cards.  The  torque  dynamometer  is  exactly  similar  in  principle  to 
the  thrust  dynamometer  but  is  smaller,  having  a  capacity  for  about 
a  pint  of  fluid.  The  dynamometer  is  made  of  cast  iron,  except  for 
the  ball-bearing.  There  are  few  machined  surfaces,  and  the  appa- 
ratus is  simple  and  strong.  By  the  use  of  gages  having  different 
pressure  ranges  the  degree  of  sensitiveness  may  be  varied  to  suit 
the  requirements  of  the  test.  Figs.  9  and  10  show  the  general  prin- 
ciples of  the  construction. 

7.  Calibration.— As  has  been  stated,  it  was  necessary  to  cali- 
brate the  apparatus  for  the  torque  and  thrust  pressures  and  for  the 
correlation  of  card  rotation  with  spindle  motion.  This  latter  process 
was  accomplished  with  the  apparatus  in  place  by  advancing  the 
spindle  a  ceitain  measured  amount  and  marking  on  the  cards  the 
advance  of  the  recording  pens.  Enough  test  records  were  made  to 
insure  accurate  average  results  and  permanent  cards  were  prepared 
showing  this  relation.  The  calibration  of  the  thrust  gage  was  ac- 
complished by  the  direct  application  of  pressure  in  a  Eiehle  testing 
machine;  permanent  average  records  were  thus  established.  The 
thrust  calibration  was  made  with  gages  giving  a  2500-and  a  6000- 
pound  maximum  total  pressure,  and  in  each  case  the  radial  motion 
of  the  recording  pen  was  in  direct  ratio  with  the  load  increase.     The 

Mic  calibration  was  made  by  means  of  a  harness  which  permitted 

application  of  the  horizontal  load  to  the  vertical  disc.     In  one 

calibration  known   weights  were  applied,  the  direction  of  the  force 

ag  changed  by  means  of  a  pulley.     In  order  to  obviate  errors 

due  to  the  friction  of  the  pulley  and  the  bending  of  the  cord  around 

pulley  a  second  calibration  test  was  made  in  which  the  load  was 

applied  by  ;i  previously  calibrated  spring  balance.     The  two  calibra- 

tif'  eed    fairly  well,  but  the  latter  was  accepted  as  the  more 

hot   the  range  of  pressures  used  in  these  tests  the 

motion  of  the  recording  pen  was  in  almost  direct  ratio  with 

i  is   an    initial   discrepancy  which  seems  to 

I  that  the  fluid  is  in  a  vertical  plane  and  thus  requires 

a  Load' of  about  two  pounds  to  equalize  the  pressure  throughout  the 

fluid.     Since  do  test  recorded   less  than  ten  foot-pounds  of  torque, 
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Fig.  9.     Sectional  Elevation  of  Drill  Dynamometers 
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this  initial  discrepancy  affects  all  readings  equally,  even  if  due  to 
errors  in  calibration.  The  tests  show  no  unusual  variations  which 
would  suggest  inaccuracy  in  the  lower  ranges. 

When  the  apparatus  had  been  calibrated  satisfactorily,  the 
calibration  was  transferred  to  transparent  templets  from  which  the 
cards  could  be  evaluated  by  laying  the  templets  over  them.  Tracing 
cloth  was  first  used  for  templet  material,  but  was  not  found  entirely 
satisfactory;  so  the  celluloid  templets  shown  in  Fig.  11  were  made. 
This  illustration  clearly  shows  the  application  of  the  templets  to 
the  cards,  wdrile  Fig.  12  shows  two  specimen  cards  as  obtained  in 
rts.  Values  of  the  cards  are  taken  as  an  eye  average  between  the 
depths  of  one  and  two  and  one-half  inches,  this  average  being  found 
to  give  more  nearly  uniform  results  than  an  exact  average  over  a 
certain  range.  The  torque  may  be  estimated  within  one-half  foot- 
pound, and  the  thrust  within  fifty  pounds.  Absolute  exactness  of 
values  is  not  only  unnecessary,  but  practically  impossible. 

The  thrust  card  illustrated  shows  that  the  block  was  harder  for 
a  depth  of  about  one  inch  than  further  down,  while  at  a  depth  of 
.  eral  inches  the  difficulty  of  chip  disposal  may  have  caused  an  in- 
crease in  both  torque  and  thrust.  The  time  record  and  the  method 
of  calculating  r.  p.  m.  and  h.  p.  are  shown. 

8.     Drill    Grinder. — The   drill   grinder   used   for    grinding   the 

drills  for  all  tests  was  suited  to  drills  varying  in  size  from  No.  60 

to  3%  inches,  and  was  fitted  with  an  adjustable  holder  for  variable 

point   angles.     The  machine  is  illustrated  by  Fig.  13,  the  shadow 

►wing  the  swing  of  the  drill-holder.    No  drills  for  these  tests  were 

hand  ground,  but  to  compare  the  average  accuracy  of  hand  grinding 

with   this  machine  grinding  a  few  one-inch  drills  were  ground  by 

thanies  and  measured.     In  no  case  was  the  hand  ground 

drill  perfectly  ground,  the  contour  of  the  two  sides  being  different 

even  when  the  angles  and  lip  length  were  nearly  the  same.     It  was 

interesting  to  note  that  almost  invariably  the  included  point  angle 

about  110  or  112  degrees  instead  of  the  standard  118  de- 

This  fact  may  account  for  the  seemingly  greater  endurance 

,of  hand  ground  drills  frequently  noted  by  mechanics. 

'  Procedure. — In  all  tests,  except  a  few  to  which  special 
made,  holes  were  drilled  in  cast  iron  with  the  skin  re- 
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moved.  For  power  tests  the  holes  were  drilled  to  a  depth  of  three 
or  four  inches,  but  for  endurance  tests  the  depth  was  about  five 
inches.  For  power  tests  the  drill  was  sharpened  after  drilling  four 
or  five  holes  at  moderate  rates  and  after  one  or  two  holes  at  the  higher 
rates.  All  drills  were  ground  dry  and  care  was  taken  not  to  over- 
heat  the  edges  on  the  wheel.  Where  comparative  tests  were  necessary, 
as  in  the  chisel  point  tests  and  point  angle  tests,  the  holes  were  all 


3  /£-/=>£/!  S7//V 
/?/°/*  ^J/£  -  00/33 

S>J  oo  o 


<7~  G4f?£> 


TH/?(/sr=G3-0' 


^O  0067 


Pig.  12.    Spbgimzn  Tobqui  and  Thrust  Cards 


drilled  in  the  same  block,  or  in  blocks  which  were  tested  with  prelimi- 
nary holes  to  insure  the  same  quality  of  test  material.  In  the  tests  to 
determine  the  effect  of  sp I.  holes  were  usually  drilled  at  a  given 
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ed  in  the  same  block,  and  similarly  in  the  tests  to  determine  the 
effect  of  the  rate  of  feed,  all  holes  were  drilled  at  a  given  feed  in  the 
same  block.  In  tests  in  which  the  number  of  holes  was  too  great  to 
permit  the  use  of  a  single  test  block,  the  variation  in  test  material  was 
partially  compensated  for  by  averaging  five  or  more  holes;  thus  in 
some  of  the  helix  angle  curves  each  point  is  the  average  of  thirty  test 
holes.  The  variation  in  hardness  of  blocks  has  more  troublesome  in 
the  endurance  tests,  since  a  single  hard  block  might  destroy  the  value 
of  the  whole  test.  Where  only  two  drills  were  to  be  compared,  half 
of  each  test  block  was  devoted  to  each  drill,  although  even  this  plan 
was  not  wholly  satisfactory,  since  one  drill  would  often  penetrate  five 
or  six  times  as  much  metal  as  the  other. 
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III.     Power  Tests  of  Twist  Drills 

10.  The  Influence  of  Helix  Angle  Variations. — In  these  tests 
eight  drills  were  used,  and  all  drills  were  resharpened  after  drilling 
five  holes.  Tests  were  run  with  point  angles  of  98,  118,  and  138 
degrees.*  For  the  tests  with  the  118-degree  point  angle,  six  different 
combinations  of  peripheral  clearance  angle  were  also  used,  but  the 
influence  of  this  angle  was  found  to  be  so  slight  that  for  the  98-  and 
138-degree  tests  only  one  clearance  angle  was  used.t  For  conveni- 
ence in  recording  the  data  the  drills  were  designated  "A,"  "B," 
"C,"  etc.,  the  98-degree  point  angle  was  designated  "X,"  the  118 
"Y,"  and  the  138  "Z,"  and  the  clearance  angles  of  2,  4y2,  7,  10, 
12V2,  and  15  degrees,  respectively,  were  designated  as  "a,"  "b," 
"c,"  "d,"  "e,"  "f,"  respectively.  Twenty  holes  were  drilled  with 
each  combination  of  angles,  and  four  rates  of  feed  and  five  speeds 
were  used.  For  instance,  holes  1  to  5,  inclusive,  were  drilled  with 
a  feed  of  0.0056  inches  per  revolution  and  respective  speeds  of  92, 
233,  366,  457,  and  570  revolutions  per  minute;  thus  the  combination 
<<C"— "Y"— "b"— "4"  would  mean  a  hole  drilled  with  the  speed 
of  457  r.  p.  m.,  feed  of  0.0056  inches  per  revolution,  by  a  26-degree 
helix  angle  drill  with  a  point  angle  of  118  degrees  and  a  clearance 
angle  of  4Vo  degrees.  Holes  6  to  10,  inclusive,  were  likewise  drilled 
witli  a  feed  of  0.0133  inches  per  revolution  and  witli  the  same  spells 
as  holes  1  to  5.  Holes  11  to  15  were  drilled  with  a  feed  of  0.0l!-")*; 
inches  per  revolution,  and  holes  16  to  20  were  drilled  with  a  feed 
of  0.041  inches  per  revolution.  Hereinafter  the  holes  of  this  series 
of  tests  will  be  referred  to  by  these  symbols,  as,  for  examples,  "  K-V- 
c-12"  and  "D-X-e-7."  As  applied  to  the  tests  to  determine  the 
effect  of  helix  angle,  the  values  of  torque  and  thrust  for  holes  1  to 
5,  6  to  10,  11  to  15,  and  16  to  20  were  added  and  a  flat  average  taken, 
so  that  each  value  used  is  the  average  of  five  different  holes  drilled 
in  five  different  test  bloc!  • 

Figs.  14  and  1.")  present  in  diagrammatic  form  the  results  of  the 
tests  witli  the  standard  118-degree  point  angle  and  different  helix 
angles,    each    plotted    point    being   the    average    for   thirty    ]]ol- 


*In    tin-    discussions   in    this    bulletin,    the   value   of    t  or    "iml  int   angle 

will    be    used    instead    of    tin-    hall    Mlglt    more    poncrally    used    in    practice. 
t  For  a  definition  of  terms  see   Apptadil   II.    p.    10!>. 
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clearance  angles  and  five  speeds).  The  irregularity  shown  by  the 
curves  is  probably  due  to  the  different  forms  of  the  flutes  and  dif- 
ferent web  thicknesses. 

The  test  results  show  that  there  is  no  apparent  advantage  in 
using  a  greater  helix  angle  than  35  degrees  if  the  power  consumed 
by  the  drill  is  the  factor  to  be  considered.  The  uniform  helix  angle 
of  35  degrees,  however,  appears  to  be  even  better  than  the  32-degree 
angle.  A  satisfactory  explanation  why  the  torque  is  greater  for  the 
40-and  45-degree  drills  is  not  apparent,  though  possibly  it  is  due  to 
the  flute  construction,  which  gives  a  convex  cutting  edge,  to  a  rapid 
dulling  of  the  thin  edge  which  may  affect  results  before  the  com- 
pletion of  a  single  hole,  or  possibly  to  less  effective  removal  of  chips. 
The  performance  of  drill  "A"  is  inconsistent,  but  this  is  probably 
explained  by  the  very  thin  chisel  point  and  the  shape  of  the  flute 
(see  Fig.  18),  which  is  very  similar  to  that  of  drill  "E."  No  gen- 
eral law  can  be  stated,  but  the  results  seem  to  indicate  the  advisability 
of  using  a  greater  helix  angle  than  is  now  standard. 

The  thrust  variation  with  different  helix  angles  seems  to  follow 
a  more  nearly  uniform  law  than  the  torque  variation.  If  drill  "A" 
is  excepted,  a  nearly  straight  line  may  be  drawn  for  the  other  drills, 
the  thrust  decreasing  uniformly  as  the  helix  angle  increases. 

Figs.  16  and  17  show  the  results  of  tests  of  drills  having  dif- 
ferent point  angles  and  various  helix  angles.  Although  the  results 
for  the  98-  and  118-degree  angles  are  approximately  parallel,  the 
results  for  the  138-degree  angle  drills  "F"  and  "G"  are  appreciably 
better  than  the  others  in  power  consumption.  In  fact  the  drill  per- 
formance for  the  138-degree  point  angle  is  more  regular  than  for  the 
other  points,  although  drills  "A"  and  "G"  show  inconsistently  low 
values  for  both  torque  and  thrust.  In  general  the  results  seem  to 
indicate  that  the  larger  helix  angles  give  the  best  performance.  It 
may  be  noted  from  Fig.  18  that  the  larger  point  angles  give  a  more 
nearly  straight  cutting  edge  for  drills  "F"  and  "G"  and  may  partly 
account  for  the  better  performance  of  these  drills  under  that  grind- 
ing. It  is,  however,  difficult  to  note  separately  the  effect  of  the  helix 
angle  and  that  of  flute  form ;  the  two  are  interrelated  in  these  drills, 
because  they  were  shaped  in  the  same  milling  cutter  and  the  flute 
form  if  partly  a  product  of  helix  angle  variation.  Each  point  in 
Pigs.  10  and  17  is  the  average  of  five  test  holes  drilled  at  different 
speeds  but  with  a  constant  clearance  angle  of  7  degrees. 
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11.  Influence  of  Point  Angle  Variations. — Examination  of  Figs. 
16  and  17  reveals  the  fact  that  the  torque  for  the  larger  point  angle 
varies  only  slightly  from  that  of  the  standard  angle  for  most  of  the 
drills.  Probably  a  general  average  would  show  the  larger  point  angle 
to  give  slightly  greater  torque,  but  the  torque  for  the  smaller  point 
angle  is  shown  to  be  considerably  greater  than  that  for  the  standard 
angle  for  all  drills,  the  difference  being  most  noticeable  for  the  heav- 
ier feeds. 

Since  the  tests  recorded  in  Figs.  16  and  17  covered  only  three 
point  angles,  a  more  comprehensive  set  of  tests  was  conducted  in 
which  drills  having  point  angles  varying  by  increments  of  5  from 
88  degrees  to  148  degrees  were  used.  The  thrust  results  from  these 
tests  are  more  nearly  uniform  and  corroborate  most  previous  experi- 
ments, since  the  thrust  is  greatest  with  the  large  angles  and  least 
with  the  small  angles.  Fig.  19  shows  the  results  of  these  point 
angle  tests.  The  curves  are  self-explanatory,  but  inspection  shows 
that  it  would  be  possible  to  grind  a  drill  to  a  110-  or  112-degree 
included  point  angle  without  increasing  the  torque,  but  with  a  slight 
diminution  in  thrust  and  the  possible  advantage  of  increased  endur- 
ance. The  reason  is  not  apparent  why  the  thrust  should  "hump" 
suddenly  as  it  does  for  about  a  125-degree  included  point  angle,  but 
a  similar  series  of  tests  with  a  different  drill  showed  an  even  more 
pronounced  hump  and  completely  corroborated  the  results  shown  by 
the  thrust  curves.  The  slight  change  in  torque  between  118  and  138 
degrees  and  the  slight  change  in  thrust  between  118  and  98  degrees 
tend  to  explain  the  peculiarities  referred  to  in  connection  with  the 
discussion  of  Figs.  16  and  17.  Different  drills  show  different  fam- 
ilies of  curves  for  this  series  of  tests,  a  possible  explanation  for  the 
disagreement  of  previous  experimenters  concerning  the  effect  of  point 
angle  on  torque  change.  One  drill,  for  example,  showed  an  absolutely 
uniform  torque  for  all  point  angles,  although  the  general  tendency  is 
for  torque  to  increase  as  the  angle  becomes  smaller. 

Fig.  18  shows  the  variations  in  end  contour  of  the  different  drills 
for  changes  in  point  angle.  It  will  be  noticed  that  the  smaller  angles 
give  a  convex  cutting  edge  while  the  larger  angles  give  a  slightly 
concave  cutting  edge.  Whether  the  shape  of  the  edge  has  any  effect 
on  the  power  consumption  is  not  known,  but  it  is  seen  that  drill  "A" 
which  was  almost  equally  efficient  for  all  point  angles  had  a  concave 
edge  in  all  cases.    Drill  "G"  had  a  convex  edge  for  both  the  98-  and 
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118-degree  points,  but  a  straight  edge  for  the  138-degree  point  with 
which  it  shows  its  least  power  consumption.  Drill  "F"  is  similarly 
convex  for  118  and  98  degrees,  but  slightly  concave  for  138  degrees 
with  power  variations  similar  to  "G." 

Figs.  20,  21,  and  22  are  illustrations  of  the  chips  removed  by 
the  different  drills  with  different  point  angles.  Fig.  22  probably 
shows  the  true  tendency  of  helix  angle  change,  which  produces  in- 
creasingly longer  chip  helixes  with  the  smaller  cutting  angles  made 
by  the  larger  helix  angles.  This  tendency  was  not  apparent  in  the 
case  of  the  118-degree  test  by  the  convex  edge  of  drill  "G,"  which 
produced  distorted  and  easily  broken  chips.  The  form  of  the  cutting 
edge  apparently  influences  the  chip  form,  for  the  concave  edges 
rolled  a  long,  freely  coiled  chip  having  a  slightly  convex  outline, 
while  the  convex  edge  rolled  a  tightly  coiled  chip  with  a  concave  out- 
line which  was  so  stressed  as  to  break  easily.  The  straight  edge 
turned  nicely  coiled  chips  which  had  a  straight  outline  and  nested 
more  closely  than  those  from  the  concave  edge.  The  drills  which 
produced  the  longest  chip  coils  also  used  the  least  power,  an  indica- 
tion which  may  be  employed  in  comparing  drills  in  commercial  work 
without  the  use  of  a  dynamometer. 

Fig.  23  shows  the  chips  and  the  point  form  of  the  drill  used  in 
the  tests,  results  of  which  are  shown  by  Fig.  19.  The  variations  in 
chip  form  with  the  variations  in  edge  contour  produced  by  different 
point  angles  are  clearly  shown.  It  would  seem  logical  to  assume  that 
more  power  would  be  used  in  producing  the  tightly  coiled  chips  of 
the  88-degree  angle  than  in  producing  the  loosely  coiled  chips  of  the 
148-degree  angle. 

12.  Influence  of  Clearance  Angle  Variations. — In  the  series  of 
tests  for  helix  angle  influence  and  for  point  angle  influence,  the  group 
of  tests  of  drills  having  the  118-degree  point  angle  also  included 
six  different  clearances  at  the  drill  periphery.  These  clearances 
were  2,    \y2,  7,  10,  12y2,  and  15  degrees,  respectively,  and  the  cor- 

ponding  edge  angles  were  held  at  120,  124,  128,  133,  137,  and  140 
degrees,  respectively,  these  being  about  the  normal  combinations 
giver  by  the  drill  grinder  and  presenting  the  best  edge  contour.  It 
i-  thus   possible  to   plot  curves  showing  the  effect  of  the  clearance 

Nation  for  the  different  drills.  Such  results  are  shown  by  Figs. 
24   and    2.",.     Considering  only  the   torque,   which  is  practically  in 


Helix  Angle  =  10c 


Helix   Angle— 22c 

4^t 
4**1 


Helix  Angle=26° 


Helix  Angle 


-       imkn  Chips  From  Similarli  Ground  Drills 
Clearance-?'  Point =59    Feed -0.017 '/rev.    Speed  =52  r.p.r 


LEARANCE-/*   I'olNT  =  .>'.»'!•  f;KD  -  0.0  1  7        REV.      SPEED  =52  R.P.R 

I  III  ft  ft: 

i«35*         Helix   Inglr— 40°         Helix  Angli  Helix   Vngli 


Pig.  20.    Chips    Behoved    ;;y    Similarly    Ground    118-degree    Point    Angle 
Drills  Having  Different  Helix  Angles 


'A'  DP,  LL    C  DRI 

Helix  Angle  =  10°  Helix  Angle  =22°         Helix  Angle  =26°  Helix  Angle  =32°  j 

Specimen  Chips  Prom  Similarli  Ground  Drills 
Clraramci     7     Point -49    Fred    0.017  "/bri     -  S2r.p.m 


III   1IV      \\..I  ) 


I  I  I    I    I  \       \  N..I   1  |l 


II  I    I    l\       \  S..I    I  I 


Pig.  21.    <  hips  i.'t  moved  bi  Bi hilar)  -  Ingle 

Having  Din  1 1  \ 


Helix  Angle  =  10°  Helix  Angle  =22 


LL  "C  "  DRILL  '0  " 

Helix  Angle  =26°    I    Helix  Angle  =32° 


Specimen  Chips  From  Similarly  Ground  Different  Drills 
Clearance  =7°    Point  =  69°    Feed  =0.017  "/min.   Speed  =  52    r.p.m. 


Helix  Angle  =35°  Helix  Angle  -  40°  Helix  Angle  =45° i  .!     Helix  Angle  =  32° 


Fig.  22.     Chips  Removed  by  Similarly  Ground  138-degree  Point  Angle  Drills 

Having  Different  Helix  Angles 


J 


V 


Chips  And  Point  Form  From  A  Standard  Drill  With 
Variation  In  Point  Angle 


V 


r 


w 


POIK 


point-1180 


POINT-148C 


Poi  i   and  Chips   Removed  by  a   Standard  Drill  with  Dif- 

peeent  Point  Angles 


AN    INVESTIGATION    OF    TWIST    DRILLS 


41 


10- 

o 


CLEARANCE  ANGLE-DEGREES 
4  6  6  10         12  14  16 


CLEARANCE  ANGLE- 
CD 2  4  6  8  lO  1 


DEGREES 
2  14  16 


60- 


50- 


0 
40  j 


30  I 

Id 
3 

20ff 


0256  IN    REV 


0133  IN    REV 


10 


>56  IN    REV 


b> 


DRILL  G 


POu 

D 


041  IN     REV 


256  IN     BEv 


OI33  IN    REV 


,0 

o 


r— 


■ .    -. 


_ 


CLEARANCE  ANGLE     DEGREES 
4  t-  8  IP  12  14  l< 


1-'k..    '2\.      <Yi;yi;s    E 

I 


42 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


PlG.  25.    Curves  Showing  the  Effects  of  Clearance  Angle  on  Thrust  at 

Different  Eates  of  Feed 
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identical  ratio  with  total  power,  it  will  be  seen  that  there  is  do  p 
nounced  general  tendency.     Whatever  variation  appears  might   well 
be  charged  to  differences  in  the  test  blocks;  thus  all  the  points  haying 
4^2  degrees  clearance,  except  those  for  the  0.013-inch  feed  and  for 
drill  "H,"  show  perceptibly  less  power  than  the  others.     All  tl 
holes  were  drilled  in  a  set  of  twenty  blocks,  which  were  from  a  » i  n  lt  1  *  - 
day's   pouring   in   the   foundry   and   apparently   softer   than    usual. 
The  41/^-degree  tests  of  drill  "II"  were  made  in  a  different  set 
blocks,  as  were  the  tests  for  the  0.013-inck  feed  which  were  re-run 
for  this  purpose,  and  these  latter  points  appear  to  be  normal.     Drill 
"B"  shows  a  distinct  lessening  of  the  power  for  an  increase  in  clear- 
ance angle,  while  drill  "H"  shows  exactly  the  opposite  tendency. 
In  most  of  the  other  drills  a  horizontal   line   would   represent    the 
variation  fairly  well. 

Considering  the  thrust,  uniform  and  pronounced  tendencies  are 
observed,  the  thrust  being  high  for  the  lesser  clearances  and  gradu- 
ally decreasing  as  the  clearance  increases.    Most  of  the  sets  of  cur 
show  a  certain  resemblance  to  the  family  of  curves  in   Pig.  58j  thus 
they  present  a  basis  for  the  supposition  that   the  variation  was  due 
to  insufficient  clearance  at  the  drill  center  rather  than  at  tic  per- 
iphery.    The  flatness  of  the  curves  of  drill  "H"  is  probably  due  to 
the  fact  that  the  edge  angle  was  Larger  than  for  the  other  drills,   it 
being  difficult  to  measure  accurately  the  peculiar  form  of  the  ai . .. 
The  flatness  of  the  curves  for  "E"  and  "F,"  however,  would  » 
to   indicate  some  peculiar  action   due  to  the   helix  angle,   since  even 

poor  clearance  grinding  on  these  drills  seems  not   to  affect   the  <_r 1 

drilling  results.  The  thrust  values  for  drill  4,(J"  are  Lower  than 
th<>s<>  for  any  other  drill,  but  they  show  the  same  general  tendencies 
as  drills  "A,"  "B,"  "C,"  and  "D."  Comparison  of  these  curves 
with  th<-  turves  of  Fig.  58  led  to  the  making  of  a  separate  tesl  in 
which  the  edge  angle  influence  ami  the  variation  due  to  differei 
in   the  test    blocks  could   be  eliminated.      The   results-  of   this   tesl    are 

shown  by  Fig.  26.     The  six  holes  at   the  different   clearances  \ 
drilled  in  the  same  tesl   block,  although  it   was  necessary    to  use  a 
separate  block  for  each  different  feci.    The  edge  angle  was  kepi  con- 
stant at  bin  degrees  since  this  angle  was  thought  sufficiently   la 
eliminate  the  influence  of  small  center  clearance.    The  included  point 
angle  was  kepi  constanl  ai  188  <  ami  the  speed  a  r.  p.  m. 

Torque  decreases  slightly  as  the  clearance  angle  inc  Hie 
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two  heavier  feeds,  although  this  variation  is  not  perceptible  for  the 
lesser  feeds,  and  the  greatest  variation  between  any  two  holes  at  a 
given  feed  is  only  three  pounds,  as  compared  with  the  eight  and  ten 
pound  differences  shown  in  Fig.  24. 

Variations  in- the  thrust  almost  identical  with  those  in  the  torque 
ma}'  be  observed.  The  conclusion  is  that  a  clearance  angle  of  two 
degrees  at  the  periphery  is  ample  for  all  ordinary  work  provided  the 
edge  angle  is  130  degrees  or  more.  It  seems  probable  also  that  the 
lesser  clearance  angles  would  give  a  greater  drill  endurance  and  are, 
therefore,  to  be  preferred.* 

13.  Influence  of  Edge  Angle  Variations. — To  determine  more 
definitely  the  relation  of  the  edge  angle  to  the  center  clearance  angle 
of  the  drill,  a  series  of  tests  was  run  in  which  the  point  angle,  the 
speed,  and  the  peripheral  clearance  angle  were  kept  constant,  while 
the  chisel  edge  angle  was  varied  by  5-degree  increments  between  110 
and  140  degrees.  The  seven  holes  for  the  different  edge  angles  wi 
drilled  in  the  same  test  block,  a  different  block  being  used  for  each  of 
the  four  different  feeds.  The  results  show  that  the  torque  variation 
(see  Fig.  27)  is  slight  for  any  variation  in  edge  angle,  but  that  the 
thrust  variation  may  be  very  large.  From  the  ratio  of  increase  it 
was  deemed  useless  to  attempt  drilling  the  110-degree  hole  at  0.041- 
inch  feed,  the  dynamometer  capacity  being  only  6000  pounds.  It 
will  be  seen  that  an  edge  angle  of  about  130  degrees  is  as  large  as 
is  necessary  for  average  drilling,  but  that  this  may  be  increased  to 
135  or  140  degrees  for  very  heavy  feeds.  The  135-degree  angle  is 
recommended  by  most  twist  drill  makers.  The  edge  angle  should 
vary  according  to  the  feed  used. 

14.  Influence  of  Cutting  Angle  Variations.  —The  tests  run  to 
determine  the  influence  of  varying  the  helix  angle  were  put  to  another 
use  in  connection  with  a  study  of  the  cutting  angle.  The  cutting 
angles,  measured  at  the  drill  periphery,  are  plotted  in  Pig.  28,  the 
different  drills  being  designated  by  different   point  .symbols  and  the 

average  Curves  of  torque  and  thrusl  drawn.  All  holes  were  drilled 
at   tie'  same  feed   per  revolution  and  with   the  simc  point   angle,  each 

point  on  the  diagram,  Pig.  28,  being  the  avei         \t  the  results  of 

live   boles   dialled   at    different   speeds   in   different    blocks. 


See  pages  82  rod    1  l  I. 
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27.     Curves  Showing  the  Influence  of  the  Edge  Angle  on  Torque  and 

Thrust 
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The  curve  of  torque  tendency  is  probably  a  straight  line  as 
shown.  The  efficiency  of  the  different  drills  may  be  estimated  by  the 
position  of  the  points  with  regard  to  this  average  line;  thus  it  will 
be  seen  that  every  point  of  drill  ' '  E "  is  below  the  line,  as  are  three 
of  those  of  drill  "F."  Drills  "B"  and  "C"  are  inefficient,  while 
drill  "D"  is  average  and  drill  "A"  good. 

The  thrust  curve  is  less  difficult  to  place  and  shows  the  same 
general  tendency  as  the  torque.  In  this  curve  also,  all  points  of  drill 
"E"  lie  below  the  line,  while  "C,"  "F"  and  "G"  are  average  and 
"A"  good. 

A  study  of  the  two  curves  presents  interesting  possibilities.  That 
the  thrust  value  apparently  descends  to  zero  when  the  cutting  angle 
is  zero  is  logical  enough,  but  the  torque  curve  apparently  descends  to 
a  value  of  about  twenty-eight  foot-pounds  when  the  cutting  angle 
is  zero.  Whether  it  really  descends  only  to  this  value  or  suddenly 
curves  down  to  zero  is  of  course  uncertain,  but  it  is  reasonable  to 
believe  that  it  has  a  real  value. 

The  photograph,  Fig.  29,  illustrates  the  sort  of  drilling  which 
may  be  accomplished  with  a  carefully  ground  drill.  The  illustration 
shows  drill  "  E  "  in  a  block  of  cast  iron  bringing  up  coiled  chips  from  a 
depth  of  about  three-fourths  inches.  The  spindle  was  stopped  when 
the  chips  had  emerged  this  far  and  the  photograph  taken  after  blowing 
away  a  few  of  the  finer  chips  which  had  been  made  as  the  drill  entered 
the  block.  The  emerging  chips  were  still  attached  to  the  block  at  the 
bottom  of  the  hole.  The  included  point  angle  was  118  degrees,  the 
clearance  angle  7  degrees,  feed  0.017  inches,  and  speed  58  r.  .p.  m. 

15.  Influence  on  Torque  and  Thrust  of  Varying  the  Feed  and 
i  ed. — The  torque  of  the  drill  varies  with  the  rate  of  feed  per  revo- 
lution in  a  manner  which  is  fairly  uniform.  Previous  experiments 
show  that  the  torque  does  not  increase  so  rapidly  as  the  feed  for  any 
given  drill,  and  while  these  experiments  confirm  this  fact,  they  show 
slighter  differences  from  a  direct  variation  or  relationship.  Fig.  30 
>W8  the  results  of  a  series  of  tests  run  especially  for  the  purpose 
determining  this  relationship.  It  is  to  be  noted  that  the  curves 
are  nearly  straight.  Fig.  31  shows  comparative  curves  in  cast  iron 
from  the  Smith  experiments  and  from  the  Bird  and  Fairfield  experi- 
ments,* each  of  which  shows  a  greater  degree  of  curvature,  the  latter 
much   more  than  the  former. 


rHx   V   for  a  discussion  of  the  results  of  experiments  by  other  investigators. 
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The  law  governing  the  effect  of  feed  variation  on  the  thrust  was 
not  so  easily  established,  since  drills  having  insufficient  center  eli 
ance  seem  to  cause  a  rise  in  thrust  for  the  heavier  feeds     Bee   I 
27).    Possibly  owing  to  this  cause  or  to  an  increasing  drill  dulln< 
the  tests  of  Bird  and  Fairfield  show  the  thrust   rising  moi  idly 

than  the  feed.     Smith  states  that  the  thrust    is  directly   pri  >nal 

to  the  feed  for  tests  in  soft  cast  iron.     The  tests  plotted  in  Fig. 
show  the  thrust  rising  at  a  slightly  faster  rate  than  the  feed,  although 
this  increase  is  probably  due  to  the  insufficient  center  clearance  men- 
tioned. 

From  the  curves  of  Fig.  32  it  will  be  seen  that  the  torque 
creases  as  the  speed  increases  for  a  given  feed  per  revolution,  although 
in  most  cases  no  decrease  in  torque  appears  for  speeds  greater  than 
-100  r.  p.  m.     For  speeds  less  than  150  r.  p.  m.  the  rej 
uniform.    In  nearly  all  the  tests  this  decrease  in  torque  at  the  higher 
speeds  was  noted,  particularly  when  the  drill  was  a  trifle  dull.     I 
casionally  it  amounted  to  as  much  as  twenty  per  cent.     Bach  of  the 

eight  holes  drilled  at  different  speeds  with  a  given  f 1  was  drilled 

in  the  same  block,  so  that  variation  in  test  blocks  would  have  no  in- 
fluence on  the  values. 

The  thrust  observations  from  these  same  tests  are  pr  in 

Fit:.  32,  the  same  general  characteristics  beim:  shown    a-    f< 
torque. 

Dempster  Smith*  states  that  there  is  no  pronounced  variation 
of  torque  or  thrust  with  speed  variation,  but  his  testa  wrere  all  run 
at  less  than  lot)  r.  p.  m..  and  the  irregularities  he  observed  are  sim- 
ilar to  those  shown  in  Pig.  32.     His  curves  for  the  equivalent  of  a 

one-inch    drill    in   cast    iron    together   with    the   torque   curves   of   the 
presenl  tests  are  shown  in  Pig.  33.    Bird  and  Fairfield  show  do  i 
bounced  variation  in  torque  or  thrust  between  Bpeeds  of  n(|  and  l 

r.  ]).  in.,  but   possibly  the  small  size  of  drill   DSed  and  the  lower   feedfl 

render  the  results  not  comparable.     Ballenheck,  from  his 

Baker  Brothers  of  Toledo,  presents  a  family  of  curves  which  show 
a  wide  variation  in  thrusl   with   increasing  Bpeeds,  although  all  his 
t.-sts  were  run  in  hard  Bteel  with  a  Large  drill.     The  general  • 
dency  of  the  Elallenbeck  curves  is  contrary  to  that  of  thes. 
shown   in   Fig.  33. 

Ion   <>f  the   r.-Miit^   <.f 
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16.  Influence  of  Chisel  Edge  Variations  on  Torque  and  Thrust. — 
In  Fig.  34  are  shown  the  results  of  tests  obtained  by  varying  the  form 
of  the  chisel  edge.  Whether  the  chisel  was  thinned  or  blunted  seemed 
to  have  no  very  marked  effect  on  the  torque,  the  total  variation  being 
less  than  that  to  be  expected  from  differences  in  test  blocks,  but  the 
effect  on  the  thrust  was  more  pronounced.  The  blunting  of  the  chisel 
increased  the  thrust,  and  the  thinning  of  it  reduced  the  thrust,  but 
the  bluntness  of  the  chisel  in  ordinary  drilling  will  probably  not  be 
so  pronounced  as  the  artificial  bluntness  of  the  drills  tested. 

When  the  chisel  was  thinned  to  about  three-quarters  of  its  nor- 
mal thickness,  the  effect  on  thrust  was  scarcely  distinguishable.  The 
thinning  was  purposely  poorly  done  to  observe  the  effect  of  thinning 
by  an  inexperienced  person.  Thinning  the  point  to  about  half  its 
normal  thickness  produced  a  decrease  in  thrust  of  about  thirteen 
per  cent,  which  is  probably  not  so  great  a  saving  as  can  be  obtained 
if  more  time  and  attention  are  given  to  the  thinning.  In  the  Smith 
trials,  for  example,  it  seems  that  the  half-chisel  point  reduced  the 
thrust  from  five  to  twenty-five  per  cent  for  various  drills.  It  is 
probable,  however,  that  the  importance  of  thinning  the  chisel  is  ex- 
aggerated and  that  the  possible  saving  is  more  than  offset  by  the 
danger  of  weakening  the  drill. 

While  the  effect  of  thinning  the  chisel  edge  is  variable  and  not 
important,  the  total  effect  of  chisel  thickness  on  thrust  is  pronounced. 
8  ith  gives  the  total  chisel  effect  as  about  twenty-five  per  cent,  but  his 
standard  drill  was  one  in  which  the  chisel  edge  was  half  the  web 
thickness.  Some  of  his  tests,  however,  show  that  the  removal  (by 
preliminary  drilling)  of  a  cylinder  of  metal  equal  to  that  which 
would  be  removed  by  the  chisel  may  account  for  from  thirty-seven 
to  fifty-seven  per  cent  of  the  total  thrust.    In  the  discussion  of  those 

s  Brooks  gave  it  as  his  opinion  that  the  chisel  effect  was  about 
fifty  per  cent  of  the  total  thrust. 

In  the  results  plotted  in  Fig.  35,  an  attempt  has  been  made  to 
disclose  the  actual  influence  of  the  chisel  edge  on  both  torque  and 
tli rust.  The  web  thickness  of  the  drill  used  was  0.120  inches,  and 
the  chisel  edge  length  was  0.136  inches.  In  the  solid  metal  the  drill 
showed  a  thrust,  of  eleven  hundred  pounds  for  the  speed  and  feed 

'I.     Pilot  holes  of  successively  larger  diameter  were  drilled  in  the 

block  and  in  another  block  which  showed  the  same  normal  thrust 

when   drilled   in   the  solid.     These   pilot  holes  were  opened  out  with 
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the  standard  one-inch  drill  and  the  thrust  and  torque  recorded  as 
shown  in  Fig.  35.  ^Yith  the  diameter  of  the  pilot  hole  equal  to  the 
web  thickness,  the  thrust  was  decreased  fifty-nine  per  cent.  With 
pilot  holes  of  less  than  this  diameter  the  indications  were  not  satisfac- 
tory, the  small  pilot  holes  becoming  filled  with  fine  particles  of  iron  to 
such  an  extent  that  their  value  vanished  when  the  large  drill  had 
penetrated  one-half  to  three-quarters  of  an  inch,  although  the  small 
holes  were  at  least  two  inches  deep.  The  observation  shown  for  the 
0.10-inch  diameter  drill  extended  to  a  depth  of  one  inch,  but  that 
of  the  0.06-inch  drill,  being  taken  before  the  drill  was  cutting  to  its 
full  diameter,  was  only  relative.  For  the  larger  holes  the  observed 
data  were  quite  uniform.  It  is  seen  that  when  the  pilot  hole  is  larger 
than  the  web  thickness,  the  decrease  in  thrust  is  almost  in  a  direct 
ratio  with  the  increase  in  drill  diameter.  If  this  lower  portion  of 
the  curve  be  extended  to  the  ordinate  of  zero  diameter  pilot  hole, 
i.  e.,  drilling  in  the  solid  with  the  one-inch  drill,  it  indicates  a  thrust 
value  of  about  sixty  per  cent  of  the  actual  value;  whereas,  if  the 
line  ran  straight  to  the  point  of  one-inch  pilot  hole,  therefore  zero 
thrust,  its  extrapolation  to  the  point  of  zero  pilot  hole  would  indicate  a 
thrust  value  of  fifty  per  cent  of  the  actual  value. 

It  will  be  noted  from  the  results  that  the  torque  is  scarcely  af- 
fected by  the  pilot  hole  until  the  diameter  of  the  hole  becomes  larger 
than  fifteen  per  cent  of  the  diameter  of  the  large  drill.  For  pilot 
hole  diameters  of  more  than  fifteen  per  cent  the  torque  decreases  in 
a  curve  which  was  identified  as  corresponding  to  the  diameter  of  the 
pilot  hole  squared  or  as  the  relative  areas  of  the  larger  ami  smaller 
holes.  This  curve  of  relative  areas  was  plotted  as  shown  in  the 
Straight  dashed  line.  If  the  pilot  holes  have  diameters  of  0.5  inches, 
the  areas  are  to  each  other  as  1  to  0.26,  In  other  words,  the  pilot 
hole  affects  the  torque  only  as  it  removes  a  certain  percentage  of  the 
total  metal. 

Smith  reports  a  Belies  of  tests  in  which  a  ^4-inch  hole  was  i 

out  to  1 1 2  inches  at  differenl  rates  of  teed  in  medium  cast  iron,  and 
imination  of  the  results  confirms  the  given  indication.    Since  the 

diameters  have  a  ratio  of  two  to  on.-,  the  areas  have  a  ratio  of  four 

to    one;    therefor-''    the    power    consumed    h.v    the    open in<_r-out     | 

should  he  three-fourths  that  required  to  drill  the  lK.-ineii  hole  in 
the  solid.  As  given  f<>r  a  feed  of  0.01  inches,  the  values  are  7  1  6  and 
76.8  per  cent,  for  a  feed  of  0.013  inches  the  values  i 
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per  cent,  for  a  feed  of  0.02  inches,  65.8  and  75.5  per  cent  and  for 
0.04  inches  80.3  per  cent.  The  average  of  these  values  is  75.7  per 
cent,  which  compares  with  the  75  per  cent  theoretical  value.  For  a 
pilot  hole  having  a  diameter  equal  to  the  web  thickness  Smith  reports 
a  torque  reduction  of  only  one  per  cent  in  steel  and  no  noticeable 
reduction  in  cast  iron.  Since  the  average  ratio  of  chisel  edge  to  drill 
diameter  in  the  drills  used  by  Smith  was  0.096,  the  area  ratios  are 
0.0092  to  1,  or  a  relation  of  0.92  per  cent,  which  compares  well  with 
the  1  per  cent  reduction  in  power  which  he  noted.  For  thrust  values 
on  the  opening-out  tests,  Smith  reports  that  the  percentage  of  reduc- 
tion apparently  increases  with  the  feed,  but  a  comparison  of  his  values 
for  the  same  feed  with  those  plotted  in  Fig.  35  shows  corresponding 
values  of  82  and  86.4  per  cent,  respectively.  For  feeds  of  0.01  inches, 
0.013  inches,  and  0.04  inches  Smith  shows  reductions  in  thrust  of  73, 
76.5,  and  85  per  cent,  respectively.  This  variation,  together  with 
values  determined  by  opening  out  a  hole  with  a  diameter  of  0.15  of  an 
inch,  is  shown  in  Fig.  36.  The  decrease  in  proportional  thrust  with 
increased  feed  is  evident  in  both  curves. 

17.  Total  and  Partial  Power  Consumption. — In  order  to  de- 
termine the  gross  power  required  for  drilling  at  different  rates,  and 
the  drill-press  efficiencies  and  general  characteristics,  alternating  cur- 
rent wattmeters  were  connected  to  each  power  phase  to  measure  the 
total  input  to  the  motor.  These  instruments  were  checked  for  ac- 
curacy, and  all  readings  were  taken  practically  simultaneously  for 
the  two  phases.  These  readings,  with  the  torque  and  thrust  cards 
taken  from  the  drill  point,  made  it  possible  to  note  the  gross  and  net 
values  of  power  for  any  hole  drilled  as  well  as  the  effect  of  torque  and 
thrust  variation  on  the  power  absorbed  by  the  motor  and  press. 

Fig.  37  shows  the  power  consumed  by  the  motor  and  drill-press 
when  no  work  is  being  performed.  When  the  drill  spindle  is  not 
revolving,  all  the  power  input  is  consumed  in  the  motor,  in  the  main 
drive  shaft  of  the  press,  and  in  the  main  shaft  of  the  press  trans- 
mission. When  the  transmission  gears  are  engaged,  they  rotate  the 
drill  spindle  at  different  speeds,  involving  losses  in  the  transmission 
its  and  bearings,  in  the  gears  and  bearings  of  the  drive  to  the 
adle,  and  in  a  portion  of  the  feed  gearing.  If  the  feed  gears  be 
thrown  in  so  that  the  spindle  is  advanced,  but  no  drilling  done,  no 
increase  in  the  total  power  input  is  to  be  noted.  The  spindle  speeds  are 
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obtained  through  four  gear  combinations  and  the  back  gears;  thus 
eight  spindle  speeds  are  possible.  The  etfeet  of  the  back  gearing  is 
clearly  shown  by  the  curves  of  Fig.  36,  as  the  point  n  A.  B,  C,  and  D 
have  the  same  gear  combinations  as  points  A/  B/  C,'  and  D/  the 
only  difference  being  that  for  the  first  set  the  drive  was  through  the 
back  gears,  while  for  the  second  the  drive  was  direct.  The  frictional 
loss  with  increased  spindle  speed  is  well  shown,  the  increase  amoun- 
ting to  0.6  h.  p.  for  a  speed  of  575  r.  p.  m. 

In  the  tests  recorded  in  Fig.  38,  holes  were  drilled  at  four  dif- 
ferent feeds  and  six  different  speeds.  For  the  two  lower  the  back 
gears  were  engaged.  It  is  interesting  to  note  that  the  two  lines  of 
direct  and  geared  drive  are  practically  parallel  for  the  different  feeds 
and  show  constant  power  absorption  for  the  back  gears  for  all  dif- 
ferent spindle  speeds,  since  the  speed  of  the  back  gears  is  constant, 
but  the  power  absorption  of  these  gears  varies  almost  directly  with 
the  rate  of  feed,  being  about  400  watts  for  0.041-inch  feed,  270  watts 
for  0.0256-inch  feed,  and  160  watts  for  0.013-inch  feed.  It  will  be 
recalled  that  both  the  torque  and  thrust  increased  in  practically  a 
direct  ratio  with  the  feed;  so  this  increase  in  power  consumption  of 
the  back  gears  is  due  to  the  increased  pressure  imposed  upon  them 
by  the  increased  torque  or  thrust,  or  both.  The  purpose  these  re- 
sults serve  is  to  indicate  the  total  power  required  for  drilling  or  for 
removing  a  certain  amount  of  metal  onder  varying  conditions  of  feed 
and  Bpeed.    These  values,  of  course,  apply  only  to  thi  ific  set-up, 

each  apparatus  for  drilling  having  its  own  power  characteristics. 

In  Fig.  39  are  shown  the  efficiencies  for  the  different  points  il- 
lustrated by  Fig.  37.     These  values  show  the  influence  of  the  back- 
ping  on  efficiency,  and  also  give  an  idea  as  to  the  absolute  values 
which  may  be  obtained  for  the  higher  rates  of  drilling. 

The  values  of  Fig.  38  have  been  used  in  still  another  manner 
shown  by  Pig.  40  in  which   power  is  plotted  againsl    rale  per  minute 
for  both  total  and  net  powers  of  drilling.    The  Lower  cur  net 

power  are  interesting  as  a  basis  for  studying  the  question  of  the 
feed  and  speed  combination  for  the  removal  of  metal.    If  a  vertical 
line  of  constant  rate  of  drilling  is  taken,  it  will  be  found  to  intei 
the  curves  of  power  and  feed  relation,  and  to  show  varying  poi 
quirements  for  removing  the  same  amount  of  metal  per  minute.     In- 
stead of  rate  i><t  minute,  the  al  bc  sould  a^  well  be  cubic  ii 
metal  removed  per  minute,  since  the  drill  diameu  i 
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Fig.  40.     The  Variation   of   Power   for  Varying   Rates   of   Metal  Removal 
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and  the  same  relative  curves  would  be  given.     These  eui  ow 

clearly  that  it  requires  less  net  power  to  remove  metal  with  a  heavy 
feed  and  slow  speed  than  with  light  feed  and  high  speed,  the  power 
difference  running  as  high  as  one  hundred  per  cent  for  the  lower 
rates  of  feed.  Other  tests,  which  were  run  for  a  different  purp 
were  used  in  checking  this  observation  and  will  be  found  plotted  in 
Pig.  41.  In  Fig.  40  the  curvature  of  the  lines  of  feed  and  power  seems 
to  be  due  to  irregularity  in  test  material,  since  the  curves  of  Pig.  41 
are  practically  straight  lines  and  show  this  power  difference  very 
pronouncedly.  Still  another  set  of  test  values  is  shown  plotted  in 
a  different  manner  in  Fig.  42.  In  this  case  the  horse-power  con- 
si  imed  in  removing  one  cubic  inch  of  metal  with  a  one-inch  drill  at 
different  rates  of  drilling  has  been  plotted  against  the  rate  per  min- 
ute. The  families  of  curves  for  different  feeds  per  revolution,  there- 
fore, represent  holes  drilled  at  different  speeds.  The  three  points 
marked  with  crosses,  almost  on  the  0.041-inch  curve,  represent  holes 
drilled  at  a  feed  of  0.061  inches  per  revolution,  and  show  that  the 
gain  in  efficiency  b}T  using  a  heavier  feed  than  0.041  inches  is  Blight. 
In  fact  there  is  but  little  gain  in  using  a  feed  heavier  than  0.0256 
inches  per  revolution.  It  will  be  noted  that  there  is  a  slight  decre 
in  power  due  to  the  increased  speed;  thus  the  findings  shown  in  Pig. 
32  are  corroborated  although  the  principal  saving  is  due  to  the  in- 
creased feed.  This  variation  of  power  with  feed  is  shown  by  the 
dashed  line  and  heavy  points,  which  is  a  curve  of  constant  Bpeed 
drawn  through  the  average  value  for  the  power  at  each  feed.  It 
will  be  noted  that  the  total  power  saving  by  the  use  of  the  heavier 
feeds  may  amount  to  0.8  h.  p.  in  drilling  at  the  rate  of  three  inches 
per  minute. 

Although  the  drill  itself  uses  less  power  when  drilling  with  the 
heavier  feeds  and  slower  Bpeeds,   the  rule   for  lie'  total    power  is  not 

so  simple.    If  it  were  possible  to  use  the  direel  gearing  to  obtain  the 

whole  range  of  Bpeed,   the   relations   for  grOSS   power  would   probably 

be  the  same  as  for  Del  power.    The  introduction  of  the  back 
however,  varies  the  relation  considerably  for    the    lower    rat 
drilling,  as  will  he  seen  from  Pig.  40.    The  '_rr<.->  values  given  on  this 
chart  have  been  transferred  i<»  different  coordinates  in  Pig.  43,  which 

Shows  a   family  of  curves  of  power   for  different    |  [  drilling  and 

which   BignifieS  at    what    f 1    per  revolution    it    i^   mo  I    to 

remove  metal.    A  Dumber  of  these  vah.  taken  from  extrap* 
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tions  of  the  curves  of  Fig.  40,  and  represent  combinations  beyond  the 
range  of  the  press.  The  circled  points  shown  are  actual  tests  which 
were  drilled  at  a  rate  closely  approximating  the  rates  of  the  curves, 
and  seem  to  check  fairly  well  the  tendencies  shown.  A  general  rule 
for  drilling  economically  with  this  set-up  seems  to  be  that  the  feed 
per  revolution  shall  increase  with  the  rate  per  minute,  being  never 
less  than  0.0133  inches  per  revolution  when  drilling  in  cast  iron. 

The  individual  characteristic  power  and  feed  relations  of  dif- 
ferent drilling  apparatus  are  shown  by  Fig.  44,  in  which  a  nun 
of  test  curves  from  different  experimenters  is  presented.  It  will  be 
noted  that  the  power  curves  on  the  same  set-up  do  not  necessarily 
show  the  same  trend ;  thus,  for  example,  the  two  Westinghouse  cur 
take  opposite  curvatures,  and  a  few  indications  by  Hallenbeck  show 
that  for  the  heavier  feeds  the  curvature  would  also  be  reversed.  The 
Biekford  and  University  of  Illinois  tests  are  both  at  comparatively 
low  powers;  so  the  straight  lines  shown  might  change  their  tendencies 
in  the  higher  regions. 

The  variations  of  power  and  efficiency  with  varying  feeds  per 
revolution  may  be  observed  by  referring  to  Fig.  45.  These  tests  were 
drilled  at  a  constant  speed  and  with  eight  variations  of  feed.  The 
effect  of  the  back  gearing  in  the  feed  system  is  perceptible,  although 
of  no  practical  importance,  since  the  power  absorption  of  thes 
is  relatively  slight.  The  power  used  at  the  drill  point,  which  was 
determined  from  the  test  cards,  varies  almost  in  direct  ratio  with  the 
feed  per  revolution.  This  power  was  subtracted  from  the  total  input 
to  determine  the  power  absorbed  by  the  motor  and  drill-press.  The 
change  in  total  efficiency,  ratio  of  power  absorbed  in  useful  work  at 
the  drill  point  to  the  total  electrical  input,  is  a  function  of  the  vary- 
ing  power  absorption   of  the   press   and   of   the  relation   of   the   total 

power  input  to  the  power  absorbed  in  running  the  press  idle.  This 
latter  effect  is  most  pronounced  at  the  Lower  rates  of  drilling,  when 

the   useful    power   is   small   as   compared   with   the  absorbed   or  "over- 

head"'  pow.-r.     if  the  drill  is  dulled  •><>  that  it  absorbs  more  power, 
the  efficiency  of  the  apparatus  will  increase,  owing  to  the  increase  in 
net  power  consumption.    This  efficiency  curve  is  a  strong  argui 
for  the  higher  rates  of  drilling,  or,  at  Least,  \'<>v  having  the  apparatus 
so  proportioned  that  it  will  be  working  at  nearly  full  capacity  i 

the  time. 

A-  has  been  mentioned,  the  increase  in  torque  and  thrust 
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the  power  absorbed  by  the  drill-press,  because  of  the  increased 
pressure  on  the  bearings  and  in  the  gears.  This  increase  is  not,  how- 
ever, directly  proportional  to  the  increase  in  torque  and  thrust,  as 
is  seen  from  the  curves  of  Fig.  45.  Various  attempts  were  made  to 
segregate  the  effects  of  thrust  and  torque  variations,  but  the  results 
were  too  diverse  to  admit  of  analysis.  It  was  not  known  just  how 
much  power  was  absorbed  by  the  motor  and  how  much  by  the  press, 
and  the  very  slight  variations  below  feeds  of  0.0202  inches  per  revolu- 
tion gave  few  values  for  the  development  of  curves.  Some  of  the 
general  results  are  shown  in  Fig.  46,  which  presents  the  results  of 
tests  in  which  an  effort  was  made  to  vary  the  thrust  independently 
of  the  torque  by  dulling  the  chisel  point,  by  drilling  into  a  pilot  hole, 
and  by  using  a  drill  with  an  insufficient  center  clearance.  By  these 
means  the  thrust  was  varied  as  much  as  450  per  cent  while  the  torque 
was  varied  only  about  five  or  six  per  cent.  When  the  drill  edges  were 
ground  straight,  it  was  possible  to  vary  the  torque  about  twenty  per 
cent  while  the  thrust  varied  only  ten  or  twelve  per  cent.  Satisfactory 
analysis  was,  however,  not  possible,  and  the  only  general  indication 
was  that  the  increase  in  power  was  about  as  the  cube  root  of  the  in- 
crease in  thrust  times  the  torque.  Probably  the  curves  of  Fig.  46  will 
be  useful  as  indicating  the  possible  power  saving  through  the  use  of 
pilot  holes,  which  at  the  higher  feeds  reduce  the  total  power  by  ten 
or  twelve  per  cent.  The  extra  power  required  when  the  drill  is  dull, 
is  improperly  ground,  or  has  the  cutting  angle  increased  through  poor 
point  thinning  is  shown  in  curves  B,  D,  and  E  respectively.  For 
the  different  curves  at  the  0.041-inch  feed,  the  thrust  and  torque 
values  are : 


Torque 

Thrust 

A- 

—  58    foot-pounds 

2900    pounds 

B- 

—  56    foot-pounds 

3900    pounds 

C- 

—  54    foot-pounds 

850    pounds 

D- 

—  68    foot-pounds 

2700    pounds 

E- 

—  72    foot-pounds 

2950    pounds 

Test  "D"  was  scarcely  comparable  with  the  other  tests,  but  was 
drilled  for  comparison  with  a  drill  having  a  135-edge  angle,  which 
gave  values  for  this  feed  and  speed  of  65  foot-pounds  torque  and 
2850  pounds  thrust.  The  difference  in  torque  was  partly  due  to  the 
use  of  a  different  drill  from  that  used  in  tests  A,  B,  C,  and  D  and 
partly  to  the  different  test  block  used.    The  lower  curves  showing  the 
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power  absorbed  by  the  drill-press  are,  however,  partially  compara- 
tive. It  will  be  seen,  for  example,  that  the  power  to  be  saved  by  the 
use  of  a  properly  ground  drill  instead  of  a  poorly  ground  one  may 
be  greater  than  the  power  saved  by  first  drilling  pilot  holes.  The 
pilot  hole,  however,  has  its  advantage  in  reducing  thrust  forces  which 
might  be  sufficient  to  break  the  drill-press  in  heavy  drilling. 
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IV.    Tests  to  Determine  Drill  Endubab 

18.     Influence  of  the  Helix  Angle  on  Drill  Endurance. — A  la 
number  of  holes  was  drilled  to  determine  the  effect  of  helix  angle  on 
drill  power.    The  last  five  of  each  set  of  twenty  holes  were  drilled  at 
a  feed  of  0.041  inches  per  revolution,  at  speeds  of  92,  233,  367,  456, 

and  575  r.  p.  m.     The  two  highest  of  these  sp Is  arc  excessive  for 

a  one-inch  drill  in  cast  iron,  and  the  behavior  of  the  drills  in  drill- 
ing at  these  speeds  is  considered  in  the  study  of  endurance.  At  the 
lower  rates  of  feed  at  these  speeds  the  attempt  was  made  to  run  all 
five  holes  without  sharpening  the  drill,  and  this  was  possible  in  al- 
most every  case  with  no  increase  in  the  torque  which  might  hi 
been  due  to  dullness,  although  one  or  two  indications  of  dulling  are 
noted,  and  once  or  twice  it  was  thought  advisable  to  sharpen  the 
drill  after  the  456  r.  p.  m.  test  before  drilling  the  575  r.  p.  m.  1 
Several  times  in  the  0.041-inch  tests  it  was  necessary  t<>  sharpen  the 
drills,  and  once  or  twice  it  was  impossible  to  drill  the  last  hole,  be- 
cause the  drill  burned  as  it  entered  the  block. 

With  the  118-degree  point  grinding  drill  "A"  did  not  need  to 
1><>  re-sharpened  for  any  hole.  Drill  "B"  was  dulled  by  two  of  the 
575  r.  j».  m.  holes  with  the  10-and  12%-degree  clearance).  Drill 
"C"  was  dulled  by  one  of  the  holes,  drill  "D"  by  none,  drill  "E" 
by  one,  and  drill  "P"  by  two.  Drill  "G"  was  so  badly  burned  on 
one  hole  that  it  was  impossible  to  drill  more  than  an  inch  deep  with 
it.     Two  other  hiirh-speed  holes  had  already  dulled  this  drill  badly. 

With  the  138-degree  point  grinding  the  indications  of  dullness 
were  more  numerous.  Drill  "A,"  however,  was  not  dulled  by  any 
hole  drilled.  Drill  "B"  was  dulled  by  three  of  the  holes  (Only  twen- 
ty holes  were  drilled  with  this  point  angle  as  against  120  for  each 
drill  with  the  118-degree  point  angle).  Drill  '•("'  was  dulled  by 
two  holes,  and  so  badly  burned  at  the  lasl  two  holes  that  they  could 
not    he  drilled   more   than   an    inch   (\i'c\).      Drill   "I)"   was   dulled   by 

two  holes,  burned  on  one  hole,  and  failed  to  complete  il  by  two 

holes.      Drill    "  E"    was   dulled    by    one    hole    and    slightly    burned    by 

another.    Drill  "Fn  was  dulled  by  three  holes,  being  slightly  burned 

in  one  of  these.      Drill     '(."   \\;is  dulled   by   four   holes,   and   failed   to 
complete    iN   Bel    by    one   hole. 

In  general,  drill  "A"  showed  up  remarkably  well  for  endurance 


78  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

and  consumed  a  relatively  small  amount  of  power.  The  other  drills 
showed  somewhat  uniform  tendencies.  For  the  118-degree  point  the 
drills  showed  progressively  better  with  increasing  helix  angles  until 
the  32-degree  angle  was  reached  and  then  they  became  progressively 
worse  with  further  increases  in  the  helix  angle.  For  the  138-degree 
point  the  drills  showed  progressively  better  until  the  35-degree  angle 
was  reached  and  then  progressively  worse  with  further  increases. 
Other  tests  indicated  that  the  drill  "C"  was  not  so  well  tempered  as 
the  other  drills,  since  it  showed  poorer  endurance  than  other  drills 
exactly  similar  in  form.  It  will  be  noted  that  the  35-degree  helix 
angle  performed  well  under  all  conditions,  averaging  slightly  better 
than  drill  "F"  and  considerably  better  than  the  32-degree  drill. 
Drills  "E"  and  "F"  gave  the  best  average  performance  of  all  the 
drills  in  both  power  and  endurance  indications,  although  endurance 
results  are  by  no  means  conclusive.  The  differences  in  test  materials, 
in  the  quality  and  tempering  of  the  drill  metal,  and  possibly  in  the 
slight  burning  of  the  drills  during  grinding  render  the  degree  of 
reliability  of  the  endurance  tests  open  to  question.  If  the  drills  had 
been  run  at  normal  speeds  and  worn  to  dullness  instead  of  being 
burned,  the  results  might  have  been  different. 

19.  Influence  of  Clearance  Angle  on  Endurance. — The  results 
of  the  tests  referred  to  in  the  preceding  discussion  of  the  effect  of 
the  helix  angle  on  endurance  may  again  be  employed  in  obtaining 
indications  of  the  effects  of  the  clearance  angle  on  endurance.  Six 
different  clearance  angles  were  used  on  all  drills  for  the  tests  with 
the  118-degree  point  angle. 

With  the  2-degree  clearance  angle  no  drill  was  dulled  in  drilling 
any  hole.  Likewise  with  the  4!/2-  and  7-degree  clearances  all  the 
drills  stood  up.  With  a  10-degree  clearance,  drills  were  dulled  by 
three  of  the  holes.  With  a  12!/2-degree  clearance,  drills  were  slightly 
dulled  by  four  holes.  With  a  15-degree  clearance,  drills  were  slightly 
dulled  in  several  holes,  badly  dulled  in  two  holes,  and  burned  in  two 
more.  The  endurance,  consequently,  lessens  with  increase  in  the 
clearance  angle,  although  the  performance  of  the  drills  in  the  12^2- 
degree  elojirance  tests  was,  if  anything,  a  trifle  better  than  in  the 
10-degree  clearance  tests. 

A  partial  series  of  tests  was  run  with  a  standard  drill  at  a  speed 
of  }.~>o'  r.  p.  in.  and  a  feed  of  0.041  inches  per  revolution  to  determine 
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the  effect  of  clearance  on  endurance.  In  each  ease  the  objeci  was  to 
run  the  drill  to  a  degree  of  dullness  approximating  an  increase  of 
ten  pounds  in  torque.  This  rapid  testing  is  faulty,  however,  1 
the  greatest  damage  is  apparently  done  just  as  the  drill  enters  the 
block  at  high  speed.  A  drill  may  finish  one  hole  in  good  shape,  but 
burn  upon  entering  the  block  on  the  next  test.  The  total  number  of 
inches  drilled  is  so  small  thai  this  entrance  effect  is  important.  At 
a  slower  rate,  the  damage  at  entrance  would  be  less  and  the  total 
amount  of  drilling  greater;  so  more  nearly  correct  values  would  be 
obtained.  Indications  from  a  number  of  tests  of  the  rapid  drilling, 
however,  gave  the  following  average  results:  for  a  4-degree  clearance 
the  total  distance  drilled  was  1414  inches,  for  a  6-degree  clearance 
25!/2  inches,  for  a  9-degree  clearance  18%  inches,  and  for  a  12-de- 
gree  clearance  17%  inches.  The  6-degree  and  12-degree  clearances 
and  the  4-degree  and  9-degree  clearances  were  drilled  in  the  same 
tesl  blocks.  Apparently  a  clearance  of  6  degrees  is  preferable  t<> 
12,  and  9  degrees  to  4. 

A  series  of  endurance  tests  at  moderate  speeds  was  started,  in- 
volving different  point  and  clearance  angles  with  the  same  drill. 
These  were,  however,  interrupted  and  not  resumed,  so  that  the  results 
are  fragmentary  and  may  be  applied  to  point  or  clearance  angle 
analysis  without  certainty  of  the  proportionate  effect  of  either  angle. 
With  15-degree  clearance  and  124-degree  point,  the  drill  went 
through  about  240  inches  of  sot'i  ca^t  iron  with  uo  perceptible  in- 
crease in  dullness.  It  was  then  started  on  an  unusually  hard  block, 
in  which  it  broke  down  after  drilling  ten  inches.  With  a  l'L. 
clearance  and  112-degrec  point  this  drill  went  through  240  inches 
the  s,,|'t  cast  iron  (half  of  each  block  was  used  for  each  drill),  drilled 
40  inches  in  the  hard  block  mentioned,  and  then  continued  until  it  had 

drilled  through  about  three  thousand  lineal  inches  "f  iron,  at  which 
point  the  power  required  had  increased  about  '■)■>  per  cent    At  2400 

inches  the  power  had  increased  about  25  per  cent,  which  was  the  extent 

of  dullness  adopted  as  standard.    With  a  l2-d<  learance  and  11s 

degree  point,  the  drill  went  through  about  linn  inches  of  iron  bef< 
attaining  the  25  per  cent   increase  in  power.     Practically  all  ti 
unsatisfactory  and  the  results  probably  would  have  1 
more  nearly  uniform  if  a  uniform  grade  of  steel  had  been  used  instead 
of  cast  iron,    (mi  the  basis  of  the  test  data,  however,  the  indicate 
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favor  a  combination  of  a  small  clearance  angle  with  a  small  point 
angle. 

Incidentally  a  portion  of  these  tests,  with  the  124-degree — 7-degree 
combination  and  the  118-degree — 12-degree  combination,  was  run 
parallel  with  tests  of  a  drill  having  a  26-degree  helix  angle  as 
against  the  32-degree  angle  of  this  drill.  In  the  first  case  85  inches 
were  drilled  by  the  26-degree  drill  against  720  inches  by  the  32-degree 
drill.  In  the  second  test  the  26-degree  drill  went  through  360  inches 
against  the  1400  inches  of  the  32-degree  drill. 

20.  Influence  of  Point  Angle  on  Endurance. — In  addition  to 
the  combination  point  angle  and  clearance  angle  tests  referred  to, 
the  group  of  tests  employed  for  studying  the  effects  of  helix  angle 
variations  was  used  for  a  study  of  the  effects  of  different  point 
angles.  For  the  group  of  tests  having  a  7-degree  clearance  and  a  118- 
degree  point,  only  a  few  holes  dulled  the  drill  slightly.  For  the  same 
clearance  and  138-degree  point  angle  four  holes  burned  the  drill  so 
that  they  could  not  be  advanced  more  than  a  fraction  of  an  inch  in 
depth.  Eight  other  holes  dulled  the  drill,  and  in  three  others  the- 
drill  lips  were  perceptibly  burned,  although  the  hole  was  advanced 
to  a  depth  of  two  or  three  inches.  For  the  group  having  a  7-degree 
clearance  and  a  98-clegree  point  angle  no  drill  was  perceptibly  dulled 
by  any  hole,  although  there  was  a  tendency  to  chip  the  lip  edges  and 
the  chisel  point,  because  of  the  insufficient  backing  of  metal.  In  the 
98-degree  tests  drill  "A"  broke  under  a  feed  of  0.041  in.  per  rev. 
and  a  speed  of  92  r.  p.  m.,  although  it  had  drilled  this  same  hole  and 
four  others  at  the  same  feed  with  points  of  118  and  138  degrees.  This 
failure  probably  was  due  to  a  weakening  of  the  drill  by  the  removal 
of  chisel  edge  support. 

21.  Influence  of  Bounded  Corner  on  Endurance. — A  number 
of  rapid  endurance  tests  was  run  at  a  speed  of  575  r.  p.  m.  and  a 
feed  of  0.041  in.  per  rev.  in  soft  cast  iron,  with  pairs  of  drills,  one 
of  which  had  rounded  corners.  The  results  of  two  of  these  tests  are 
shown  graphically  in  Fig.  47.  On  the  basis  of  the  number  of  inches 
drill ed  for  a  given  increase  in  torque  an  endurance  ratio  of  about 
four  to  one  in  favor  of  the  rounded  corners  is  shown  in  one  case,  and 
about  eight  to  one  in  the  other.  Other  tests  were  run  in  blocks  of 
varying  hardnesses  which  showed  a  ratio  in  favor  of  the  rounded 
corners  of  about  ten  to  one  in  the  harder  materials,  and  three  and 
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four  to  one  in  the  softer  materials.  The  apparent  effect  was  to  render 
the  corners  immune  to  burning,  so  that  the  dullness  began  with  the 
chisel  point  and  gradually  extended  out  along  the  cutting  lip.  The 
rounding  of  the  corners  was  done  by  hand  grinding  and  it  is  probable 
that  each  corner  removed  in  drilling  a  different  quantity  of  metal, 
so  reducing  the  endurance  somewhat  from  the  value  of  a  perfectly 
rounded  corner.  This  modification  of  the  drill  corner  does  not  in 
the  least  affect  the  size  of  the  hole  drilled.  The  hole  is  cleaned  out  to 
size  by  the  cutting  edge  above  the  corners.,  so  that  no  extreme  accu- 
racy of  corner  grinding  is  necessary.  There  should,  however,  be  suf- 
ficient clearance  behind  the  rounded  corner  to  prevent  rubbing 
action. 

22.  Comparative  Endurance  Tests  of  Different  Kinds  of  Drills. — 
A  short  series  of  comparative  endurance  tests  was  run  in  soft  cast 
iron  at  high  speed  and  heavy  feed  on  several  milled  drills,  a  forged 
twist  drill,  and  a  flat-twist  drill.  The  results  are  plotted  in  Fig. 
48.  The  test  points  for  the  forged  drill  are  shown,  and  the  aver- 
age curves  are  given  for  the  other  drills.  It  will  be  seen  from  the 
results  of  the  forged  drill  test  that  the  power  indications  as  the  drill 
begins  to  burn  are  irregular,  although  it  is  possible  to  plot  fairly 
regular  curves.  The  reversed  curves  for  the  three  drills  which 
showed  the  greatest  endurance  are  pronounced,  while  the  curves  for 
the  drills  with  the  least  endurance  show  fairly  regular  increases  of 
power  at  the  drill  point  as  drilling  advances.  A  general  similarity  of 
behavior  of  the  drills,  however,  is  to  be  noted  in  that,  following  in- 
itial drilling,  the  tool  "settles  to  a  cutting  edge"  and  does  its  most 
effective  work  after  the  initial  sharpness  is  worn  off.  This  effect  was 
evident  also  in  the  longer  endurance  tests  previously  mentioned,  the 
drill  very  often  running  through  five  to  eight  hundred  inches  of  cast 
iron  with  no  variation  in  the  average  power  curve,  after  the  first 
gradual  dulling  had  taken  place.  The  rapid  rise  in  power  after  the 
drill  has  once  started  to  burn  is  logical,  as  each  increment  of  dullness 
adds  to  the  friction  of  cutting  thereby  heating  the  drill  and  destroy- 
ing its  resistance. 

Comparative  endurance  tests  of  this  sort  are  more  satisfactory 
than  endurance  tests  in  which  different  drill  angles  are  tested,  for 
in  the  latter  there  is  likely  to  be  a  variation  in  the  drill  endurance, 
even  when  the  same  drill  is  used  for  each  test,  because  drills  tend  to 
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vary  in  character  from  point  to  tang  through  uneven  tempering  or 
variation  in  the  metal.  A  number  of  drills  was  tested  for  hardness 
at  various  points  along  their  length  with  the  Shore  scleroscope.  All 
the  drills  except  one  showed  variations  of  from  two  to  ten  points  in 
hardness,  generally  being  softer  toward  the  tang.  One  drill  showed 
a  distinct  ring  about  an  inch  from  the  point  which  was  five  to  six 
points  harder  than  the  point,  while  one  drill  was  about  eight  points 
softer  in  the  middle  than  at  either  end.  The  average  hardness  at 
the  drill  points  was  about  86,  only  two  drills  being  above  90,  of 
which  one  was  92  and  the  other  91.  One  drill  which  produced  aver- 
age results  in  endurance  tests  had  the  surprisingly  low  value  of  78. 
Some  of  the  drills  were  so  skillfully  tempered  that  the  entire  length 
of  the  flutes  tested  about  84,  but  the  hardness  dropped  to  40  or  45  at 
the  point  at  which  the  drill  attained  its  full  diameter  at  the  end  of 
the  flutes.  Other  drills  were  hard  almost  to  the  tang.  In  1908  the 
Lincoln-Williams  Twist  Drill  Company*  made  a  number  of  endur- 
ance tests  to  show  the  relation  between  hardness  and  endurance 
(drilling  in  tool  steel),  but  found  no  regularity  in  results.  They 
found  that  the  average  hardness  of  high-speed  drills  was  about  86, 
while  that  of  carbon  drills  was  about  89.  The  best  high-speed  drill 
tested  was  the  hardest,  and  the  poorest  was  the  softest,  but  the  varia- 
tions between  these  extremes  showed  almost  no  regularity. 

The  variations  in  drill  hardness  practiced  by  the  different  makers 
are  not  more  pronounced  than  the  variations  in  helix  angles  and 
angles  of  point  grinding  of  the  drills.  A  number  of  standard  drills 
was  measured  aud  their  characteristics  recorded  as  shown  in  the 
following : 


Manufacturer 

Type 

Clearance 
Degrees 

Point 
Degrees 

Helix  Angle 
Degrees 

Detroit  Twist  Drill  Co 

Milled 

Milled 

Milled 

Milled 

Flat-twist 

Flat-twist 

Flat-twist 

Flat-twist 

Milled 

Milled 

Milled 

Milled 

13K 

7 

2 
6 

n 

6 

r 

4 

G 

60 

61 

58 

58 

63 

59K 

59K 

59 

58 

60 

59  y* 

59 

32  to  27 

Detroit  Twist  Drill  Co 

25  to  20 

Union  Twist  Drill  Co 

22 

Morse  Twist  Drill  Co 

26 

Gelfor  Twist  Drill  Co 

32 

Whitman  &  Barnes 

29  to  26 

Pratt  &  Whitney 

30  to  25 

Lincoln-Williams 

30 

Lincoln-Williams 

26  to  21 

Union  Twist  Drill  Co 

24 

New  Process 

22 

Whitman  &  Barnes 

26 

*See   Appendix   V   for   discussion   of   experiments   by   other   investigators. 
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On  the  special  drills  used  in  tests  to  determine  the  influence  of  the 
helix  angle  the  clearances  were  4y2,  5,  5y2,  and  6  deg  ad  the 

point  angles  were  all  120  degrees.     The  edge  angles  of  various  drills 
showed  variation  between  117  and  135  decrees. 
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V.     Minor  Investigations 

There  has  been  some  discussion  concerning  the  effect  of  different 
helix  angles  on  chip  removal  in  deep  holes ;  so  from  the  number  of 
tests  run  for  the  power  determinations  with  different  helixes  a  set 
of  four  cards  was  chosen.  The  values  from  these  are  shown  trans- 
ferred to  rectangular  coordinates  in  Fig.  49,  the  torque  and  thrust 
values  being  plotted  side  by  side.  All  these  holes  were  drilled  with 
a  speed  of  570  r.  p.  m.  and  a  feed  of  0.041  in.  per  rev.  All  drills 
were  similarly  ground,  and  all  but  the  first  were  advanced  to  a  depth 
of  about  4%  inches  in  cast  iron.  The  drill  with  the  10-degree  helix 
seemed  to  give  the  best  performance,  although  this  may  have  been 
due  more  to  its  large  chip  space  than  to  the  helix  influence,  since  the 
drill  with  the  22-degree  helix  shows  a  steady  rise  in  torque  as  the 
depth,  increased.  The  32-degree  drill  had  an  increase  twist  to  give 
it  better  chip  clearance  at  the  greater  depths,  but  its  performance 
was  not  appreciably  better  than  that  of  the  40-degree  drill.  The 
increase  in  torque  as  the  depth  increases  is  in  every  case  more  pro- 
nounced than  the  increase  in  thrust.  The  sudden  rise  in  the  thrust 
values  at  the  beginning  of  each  hole  may  be  due  to  the  greater  hard- 
ness of  the  metal  near  the  surface  or  to  a  surge  of  fluid  in  the  dyna- 
mometer resulting  from  the  sudden  application  of  the  load. 

The  fact  that  all  these  holes  were  run  at  high  speed  seems  to 
have  been  a  factor  affecting  chip  disposal,  since  results  of  tests  run 
at  a  speed  of  233  r.  p.  m.  and  feed  of  0.041  in.  per  rev.  show  a  much 
more  rapid  increase  in  torque  as  depth  increases  (see  Fig.  50).  In 
these  233  r.  p.  m.  tests  the  10-  and  22-degree  drills  showed  rapid  in- 
creases in  torque  with  increases  in  depth.  The  32-degree  increase- 
twist  drill  showed  well  to  a  depth  of  about  two  inches,  while  beyond 
this  the  torque  increased  rapidly.  With  the  uniform  helix  of  40  de- 
grees there  was  a  steady  increase  in  torque  with  depth,  but  this  drill 
averaged  better  than  any  other.  These  results  seem  to  indicate  in 
general  that  all  drilling  should  be  done  at  as  high  speeds  as  possible 
and  that  the  larger  values  of  helix  angle  are  better  for  deep  hole 
drilling  than  the  more  nearly  straight  drills. 

That  the  effect  of  depth  on  torque  is  governed  by  other  condi- 
tions  than  the  helix  angle  and  the  drill  speed  is  shown  by  the  results 
presented  in  Fig.  51,  cards  "A"  and  "B,"  the  first  of  which  shows 
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Fig.  50.     Test  Cards  Showing  Corresponding  Torque  and  Thrust  for  Dif- 
ferent Helix  Angles 
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results  of  drilling  with  a  freshly  sharpened  drill,  and  the  second 
drilling  with  a  drill  that  was.  perceptibly  dulled:  It  may  be  noted 
that  beyond  a  depth  of  several  inches  the  torque  of  the  dull  drill 
rises  much  more  rapidly  than  that  of  the  freshly  sharpened  drill. 
These  two  tests  were  drilled  with  the  32-degree  increase-twist  drill.  In 
general  the  results  show  the  same  general  characteristics  as  those 
presented  in  Figs.  49  and  50,  that  is,  uniform  torque  for  several 
inches,  after  which  the  torque  beings  to  rise  fairly  abruptly. 

Card  "C"  of  Fig.  51  shows  the  effect  of  drilling  through  the 
skin  on  cast  iron.  The  thrust  at  first  rises  almost  instantaneously  to 
a  little  above  1000  pounds  and  then  drops  to  about  700  pounds  before 
the  drill  shows  perceptible  penetration.  With  the  lower  feeds  this 
effect  was  still  more  pronounced;  thus  for  a  feed  of  0.013  inches  per 
revolution  the  thrust  rose  to  a  value  of  800  pounds  and  then  dropped 
to  600  pounds.  For  a  feed  of  0.00364  in.  per  rev.  the  thrust  rose  to 
550  pounds,  dropped  to  250  pounds,  and  then  rose  to  about  450 
pounds.  Apparently  the  hard  elastic  skin  resists  penetration  at  first, 
but  the  instant  it  is  punctured  the  thrust  drops  in  value.  The  ad- 
vantage of  removing  the  skin  before  running  a  drill  into  the  work 
is  shown  by  the  fact  that  after  one  of  these  test  holes  had  been  drilled, 
examination  of  the  drill  showed  that  the  lips  were  scarred  and 
chipped,  although  all  holes  were  drilled  at  the  slowest  speed;  so  the 
destructive  effect  of  shooting  a  drill  through  this  hard  surface  at  a 
high  rate  of  speed  may  be  understood. 

Card  "D"  shows  a  typical  record  obtained  when  drilling  into 
a  small  pilot  hole  for  about  two  inches,  striking  the  bottom  of  this 
hole,  and  then  drilling  in  the  solid  for  about  an  inch.  It  will  be 
seen  that  the  torque  takes  practically  its  full  value  instantaneously  in 
a  hole  of  this  sort,  giving  a  peak  that  was  probably  due  to  fluid  surge 
in  the  dynamometer.  The  effect  of  the  pilot  on  thrust  begins  to  lessen 
after  an  inch  or  so,  owing  to  filling  up  this  small  hole  with  the  finer 
particles  of  iron  removed  by  the  large  drill.  For  a  hole  about  0.25 
inches  in  diameter  this  filling  is  not  so  marked,  and  the  thrust  rises 
almost  instantaneously  at  the  bottom  of  the  smaller  hole. 
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VI.     Conclusion- 

A  study  of  the  results  presented  in  the  preceding  pages  relating 

to  drilling  in  cast  iron  seems  to  justify  the  following  conclu 

(1)  With  the  usual  angles  of  grinding  the  power  used  al 
t lie  drill  point  decreases  as  the  helix  angle  increases  until  the 
value  of  the  helix  angle  reaches  35  degrees,  above  which  ther< 
no  further  decrease  in  power.     Above  4<>  deg  the  power 
gins  to  increase.    A  helix  angle  of  30  to  35  degn  ms  also  to 
give  the  best  average  endurance  in  east  iron. 

(2)  For  corresponding  speeds  and  rates  of  feed  the  varia- 
tion in  torque  for  point  angles  between  108  and  138  degrees  is 
slight,  but  torque  increases  for  point  angle  values  below  108 
degrees.  The  variation  in  thrust  for  point  angles  between  !>s  and 
118  degrees  is  slight,  but  the  thrust  increases  rapidly  as  the  point 
angle  increases  above  118  degrees.  Drills  with  point  angles 
greater  than  118  degrees  show  less  endurance  than  drills  with 
point  angles  smaller  than  118  degrees,  while  drills  with  point 
angles  less  than  118  degrees  show  less  Busceptibly  to  burning  of 
the  corners,  although  a  greater  liability  to  chipping  of  the  cut- 
ting edge  and  a  general  weakness  of  the  drill  due  to  the  removal 
of  metal  backing  the  chisel  point.  In  general,  a  point  angle  of 
about  110  degrees  seems  more  satisfactory  than  an  angle  of  118 
degrees. 

(3)  Variations  in  the  clearance  angle  at  the  drill  periphery 
and  variations  in  the  clearance  al  the  drill  center  as  indicated 
by  th<-  value  of  the  edge  angle)  seem  to  affect  the  ael  power 
very  slightly.     Unless  the  peripheral  clearance  is  less  than  tu«> 

def  variations    in    its    value    have    very    Blight    effect    on    the 

values  of  torque  or-  thrust,  but  if  tl Ige  angle  is  less  than  120 

degrees,  the  thrust  tends  to  in<Mv;ist>.  showing  a  more  rapid  i 
of  increase  for  tie-  heavier  rates  of  feed.     A   peripheral  clc 
ance  of  about  six  or  seven  degrees  seems  to  be  the  mos1 
factory  value  as  affecting  drill  endurance.     An  edge  a' 
130  degrees  is  recommended  \'<>v  all  but  the  heaviest 
0.041  in.  per  rev.  .    This  angle  should  aot  vary  with  variati< 
in  peripheral  clearance,  but   may  be  varied  with  the  feed   ; 
revolution,  decreasing  for  light   feeds  and  increasii 
feeds. 
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(4)  The  power  required  at  the  drill  point  and  the  drill  en- 
durance seem  to  be  much  affected  by  the  form  of  the  chip  space 
and  the  form  of  the  cutting  lip.  Drills  having  the  greatest  chip 
spaces  and  concave  cutting  edges  seem  to  give  good  results  under 
all  conditions  of  work  and  point  grinding.  Attempts  to  increase 
chip  space  near  the  hilt  of  the  drill  by  decreasing  the  helix  angle 
are  apparently  of  small  value,  and  the  decreased  helix  angle  as 
the  drill  is  ground  away  causes  increases  in  the  power  required 
and  lessened  endurance. 

(5)  In  soft  cast  iron  the  torque  does  not  increase  so  rapidly 
as  the  feed  per  revolution,  although  the  variation  of  torque  with 
feed  is  so  nearly  direct  that  it  may  for  all  practical  purposes  be 
so  considered.  For  the  correct  angles  of  drill  grinding  the 
thrust  should  increase  directly  with  the  feed  per  revolution. 

(6)  In  soft  cast  iron  the  torque  decreases  as  the  speed 
increases,  although  there  is  little  advantage  in  running  a  one- 
inch  drill  faster  than  350  r.  p.  m.  The  saving  in  power  re- 
sulting from  increasing  speed  may  amount  to  ten  or  fifteen  per 
cent.  Thrust  decreases  as  speed  increases  for  corresponding 
rates  of  feed,  although  the  advantages  to  be  gained  by  running 
a  one-inch  drill  faster  than  400  r.  p.  m.  are  slight.  The  decrease 
in  thrust  may  amount  to  fifteen  per  cent. 

(7)  Drilling  a  pilot  hole  the  diameter  of  which  is  equal 
to  the  width  of  the  chisel  edge  reduces  the  thrust  of  the  large 
hole  by  sixty  or  seventy  per  cent,  the  reduction  being  greatest 
for  the  heavier  feeds.  The  torque  of  the  larger  drill  varies  ac- 
cording to  the  area  of  metal  removed  by  the  pilot  drill.  For 
the  average  drill  this  means  a  saving  in  net  power  of  one  per 

cent. 

(8)  The  power  loss  in  the  back  gears  of  a  drill-press  in- 
creases directly  as  the  feed  per  revolution  and  may  be  from  five 
to  eight  per  cent  of  the  total  power  consumed.  The  efficiency 
of  the  drilling  apparatus  increases  with  the  rate  of  drilling,  and 
for  these  tests  varied  between  eight  and  sixty  per  cent.  The 
net  power  for  a  given  rate  of  drilling  varies  with  the  feed  used, 
being  greater  for  the  light  feeds  and  less  for  the  heavy  feeds, 
although  there  is  very  slight  advantage  in  using  a  feed  greater 
than  0.041  in.  per  rev.  The  gross  power  is  a  function  of  several 
variables,  including  the  variation  in  net  power,  the  power  con- 
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sumption  of  the  drill  when  running  idle,  the  in  que 

and  thrust  for  the  heavier  feeds,  and  the  means  of  gearing  for 
different  speeds.  For  general  good  efficiency  of  drilling  with 
this  apparatus  in  east  iron,  the  feed  should  not  be  Less  than  0.013 
in.  per  rev.  and  should  increase  with  ti  of  drilling  to  0.041 

in.  per  rev.  for  a  rate  of  nine  inches  per  minute.     So  far  as  power 
consumption  is  concerned,  whether  net  or  gross,  the  besl  way  to 
remove  metal  with  a  given  drill  is  with  as  high  a  Bpeed  and 
heavy  a  feed  as  the  drill  will  stand. 

(9)  By  first  drilling  a  pilot  hole  with  a  diameter  equal 
to  the  thickness  of  the  drill  web,  tl  is  power  when  drilling 
the  larger  hole  ma}'  be  reduced  ten  or  twelve  per  cent  A  blunt 
drill  increases  the  gross  power  by  reason  of  the  greater  thrusl 
which  causes  greater  lo^s.^  in  the  drill-press.  A  drill  with  a 
poinl  angle  greater  than  118  degrees  or  a  drill  with  an  edge 
angle  Less  than  130  decrees  will  increase  the  lt<»n  power  for 
the  same  reason. 

(10)  The  endurance  of  a  drill  may  be  increased  300  to 
1000  per  cent  by  the  simple  proeess  of  rounding  the  sharp  cor- 
ners at  the  drill  periphery. 

(11)  For  drilling  holes  at  the  depths  of  more  than  tin 
inches  a  drill  with  a  lar<re  helix  angle  gives  best  result  ich 
holes  should  be  drilled  at  as  high  a  speed  as  possible,  for  then 
the  screwing  action  of  the  drill  flutes  removes  t|lt<  chips  more 
nearly  completely. 
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APPENDIX  I 

Development  op  the  Twist  Drill 

To  produce  holes  in  hard  materials  seems  to  have  been  one  of 
the  early  needs  of  the  human  race,  since  evidences  are  found  of 
many  early  and  crude  devices  for  drilling.  Almost  invariably  the 
primitive  drill  took  the  form  of  a  sharp  iron  or  stone  point  attached 
to  a  wooden  shaft.  The  drilling  action  of  this  device  was  one  of 
scraping  or  crushing  rather  than  of  true  cutting.  The  motion  was 
imparted  directly  by  rolling  the  wooden  shaft  between  the  palms  of 
the  hands  or  indirectly  through  the  medium  of  a  bow  or  a  stick-and- 
string  arrangement.  In  any  case  the  motion  was  a  reciprocating 
one,  and  the  whole  process  required  patience  and  care.  The  usual 
requirement  was  to  produce  a  hole  in  wood,  but  not  infrequently  the 
pump  and  bow  drills  were  used  in  operations  on  glass,  stone,  and 
crockery.  Among  a  few  tribes  was  found  a  heavy  two-man  drill 
capable  of  piercing  iron. 

23.  Flat  Drills. — The  direct  progenitor  of  the  present  twist 
drill  was  the  old  style  flat  drill,  made  usually  of  carbon  steel  in  a 
blacksmith  shop  and  shaped  according  to  the  ideas  of  the  maker. 
Such  a  drill  could  usually  be  forged  in  a  few  minutes.  A  length  of 
square  stock  was  flattened  at  one  end  and  given  a  rough  diamond 
shape,  possibly  with  the  edges  turned  over  a  bit  to  form  a  sort  of 
hooked  lip  and  then  by  means  of  a  file  or  grindstone,  the  cutting  lips 
and  point  were  sharpened  and  the  drill  was  brought  to  its  final  form. 
Drills  of  this  type  may  be  found  in  use  at  the  present  time,  and  al- 
though very  inefficient  they  possess  certain  advantages  due  to  the 
fact  that  they  may  be  made  with  an  extra  long  shank  for  deep  holes 
or  made  in  odd  sizes. 

The  usual  flat  drill  was  made  of  square  stock,  but  sometimes  flat 
stock  was  used,  probably  because  it  was  easier  to  forge  and  to  grind 
and  provided  more  space  for  the  disposal  of  chips.  Then  some  artisan 
tried  twisting  the  drill  while  it  was  hot  from  the  forge  and  discovered 
that  he  had  a  tool  which  gave  noticeably  better  service.  The  idea 
of  the  twisted  drill  led  in  time  to  the  development  of  a  tool  more 
or  less  similar  to  the  modern  flat-twist  drill,  but  it  was  still  in  a  crude 
state.     Only  when  drills  began  to  be  made  as  a  special  product  (The 
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Morse  Twist  Drill  Company  in  1862  was  the  first  manufacturer), 
did  they  assume  any  uniformity  of  design  or  attain  any  real  degree 
of  efficiency.  Then  experimentation  began  with  the  different  forms 
of  milled  flutes,  with  the  helix  angle  of  the  flutes,  with  forms  of  point 
grinding,  and  with  the  composition  of  the  steel  used.  Practically 
only  in  the  last  decade  has  any  other  than  carbon  steel  been  used,  but 
previous  to  that  the  drill  had  been  given  a  certain  uniformity  of  de- 
sign. The  disadvantages  of  the  drills  used  previous  to  the  last  decade 
lay  in  the  fact  that  they  had  to  be  kept  cool  to  prevent  drawing  the 
temper;  this  condition  in  turn  meant  either  that  the  drill  had  to  be 
run  slowly  or  that  some  special  provision  had  to  be  made  for  supply- 
ing a  cooling  and  lubricating  medium.  Such  a  tool  did  not  meet 
the  requirements  of  modern  large  and  rapid  production ;  so  after 
high-speed  steels  had  proved  their  value  in  lathe  and  planer  tools, 
attempts  were  made  to  use  them  in  the  form  of  twist  drills. 

24.  The  High-Speed  Steel  Drill.— Twist  drills  of  high-speed 
steel  are  still  in  the  process  of  development,  both  with  reference  to 
the  metals  used  and  the  form  of  the  drill.  The  principles  of  design 
determined  for  carbon  steel  drills  have  to  a  large  extent  governed 
in  the  making  of  the  high-speed  drill.  Experiments  are  still  ne 
sai-y  to  establish  the  proper  helix  angle,  flute  space,  web  thickni 
and  point  grinding.  The  steel  used  varies  according  to  the  formulas 
of  the  different  drill  makers.  It  has  been  determined  by  analysis 
that  the  composition  varies  widely  and  that  even  the  carbon  content 
shows  no  regularity.  The  carbon  content  varies  from  0.25  to  0.60 
per  cent,  manganese  from  0.25  to  0.G0  per  cent,  chromium  from  () 
to  5.0  per  cent,  tungsten  from  10.0  to  20.0  per  cent,  and  cobalt,  vana- 
dium, and  silicon,  etc.  within  narrow  limits  according  to  tlio  ideas 
of  the  different  steel  and  drill  makers.  This  matter  of  the  most  de- 
Birable  alloy  has  not  been  thoroughly  investigated,  nor  have  the 
equally    important    questions   of    forging   and    heat    treatment.      The 

large  number  of  variables  in  the  differenl  alloys  and  the  possibility 
of  many  methods  of  treatment  greatly  complicate  the  matter  of  I 
ing.    The  testing  itself  is  tedious,  since  it  is  necessary  to  make  a  com- 
plete drill   for  each   material   tested   and   to  make   provision    \"\'  BOme 

special  test   apparatus,  whereas  the  testing  of  lathe  tools  requires 

only   a   small    piece   of   the    material    and    only    a   standard    lath' 

tesl  machine.     Unfortunately  the  qualities  required  in  drills  cannot 
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be  readily  determined  from  lathe  tool  tests,  because  of  the  form  of 
the  cutting  edges,  the  different  conditions  affecting  the  point,  and 
the  difficulties  of  proper  cooling.     Even  at  the  present  the 

development,  however,  the  advantages  of  the  high-speed  drill  are  ap- 
parent  especially   where   rapid   production    di  high    Bp 
and  heavy  feeds. 

25.    Analysis  of  Drill   Form.     The  modern  drill   cons  if  a 

straight  metal  shank  carrying  at  one  end  two  equal  cutting  lips  and 
at  the  other  some  means  of  attaching  the  drill  to  a  device  which  will 
impart  the  necessary  rotary  motion  to  it.  The  earlier  types  of  drills 
were  simple  affairs,  as  may  be  seen  by  reference  to  1  g.  52  A,  with 
the  lips  usually  so  shaped  that  a  reciprocating  rotary  motion  could  he 
used.  Small  drills  of  this  type  may  he  made  of  wire  nails  or  other 
pieces  of  round  scrap.  The  only  requirement  is  a  sharp  point  which 
will  make  a  hole  bigger  than  the  drill  shank,  without  particular  uni- 
formity in  hole  diameter  or  outline.  The  drills  shown  in  Pig.  52-B 
are  a  logical  development  from  ti  rly  types,  being  merely  lar 

and  stronger,  made  of  better  material,  probably  a  little  more  carefully 
forged  and  sharpened,  and  capable  of  producing  a  hole  approximately 

true.  The  flat-twist  drill  shown  is  twisted  by  hand  while  hot  from 
the  forge,  and  the  twist  is  neither  uniform  nor  directed  t«>  any  par- 
ticular angle.  This  design  was  supposed  to  facilitate  removal  of  the 
chips  by  screwing  them  out  of  the  hole,  but  it  was  only  approximately 
successful,  because  the  diameter  at  the  cutting  Lips  is  appreciably 

greater  than  tic  shank  diameter.  Efforts  to  make  the  helix  of  a 
uniform  angle,  to  provide  adequate  chip  Bpace,  and  to  combine 
strength  with  economy  of  material  resulted  in  tic  production  of  the 
milled-twist  drill.     The  first   of  these  drills,  made  about    L850,   proved 

disappointing  in  iN  weakness  and  Lack  of  endurance,  ami  it  v. 

until   Morse   in    ls<i|    produced   a  drill   having   more  obtuse   point   and 
cutting    al'jr    angles     that     the     milled-twist     drill     demonstrated 
worth. 

The  form  of  flutes  necessary  to  give  best  results  is  still  a  sub- 
ject   for   discussion,    various   manufacturers   using   different 
Three  forms  of  flute  are  shown  in  Pig.  52  I       The  requiremej 

that   this  space  shall   shape  the  chips  to  a  cmnpact    helil  when  drill 

el  and  that  it  Bhall  afford  adequate  Bpace  for  their  disposal.     I 
ally  the  milling  cutters  are  so  shaped  that  in  connection  with  a  11" 
degree  included  point  angle  the  cutting  lip  will  he 
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Apparently  there  is  no  reason  to  believe  that  the  straight  cutting  edge 
is  more  efficient  than  a  convex  or  concave  edge,  but  the  sentiment 
in  favor  of  the  straight  edge  is  firmly  established.  Practice  with  re- 
gard to  the  helix  angle  also  varies  within  certain  limits,  there  being 
standard  drills  with  a  uniform  helix  angle  of  20  degrees  and  others 
with  a  helix  angle  of  32  degrees.  General  practice  seems  to  favor  a 
drill  with  a  helix  of  about  25  degrees,  sometimes  uniform  from  tang 
to  point  and  sometimes  varying  from  20  degrees  at  the  tang  to  25 
at  the  point.  The  theory  of  this  variable  or  "increase"  twist  is  that 
it  provides  a  greater  chip  space  at  the  tang,  where  this  space  would 
otherwise  be  decreased  by  the  increasing  thickness  of  the  web.  Drills 
for  work  in  brass  or  similar  soft  material  give  best  results  when  the 
drill  flute  is  straight*  (helix  angle  equals  zero  degrees),  as  shown  in 
Fig.  52-D.  In  fact  it  is  logical  to  suppose  that  this  helix  angle  could 
well  have  different  values,  according  to  the  material  worked,  just 
as  the  grinding  angles  used  for  lathe  tools  operating  on  steel  are 
different  from  those  used  on  cast  iron.  Fig.  52-D  shows  the  straight 
flute  drill,  the  standard  25-  or  26-degree  drill,  and  a  special  drill 
having  a  helix  angle  of  45  degrees. 

The  workmanship  on  modern  twist  drills  is  of  a  high  order,  and 
it  is  not  unusual  to  find  the  cutting  diameters  guaranteed  to  within 
.0005  inches,  but  this  diameter  is  true  for  only  a  small  portion  of 
the  drill.  Back  of  each  advancing  edge  the  drill  may  be  concentric 
for  a  tenth  of  an  inch,  at  which  point  the  radial  clearance  begins, 
ranging  from  .01  to  .05  inches.  Usually  this  clearance  is  eccentric 
as  shown  in  Fig.  52-E,  and  is  produced  by  milling  or  grinding  with 
the  drill  slightly  off  center.  The  drill  has  also  a  longitudinal  clear- 
ance to  prevent  its  binding  in  deep  holes.  This  clearance  amounts  to 
about  .001  inches  per  inch  of  length  so  that  an  old  drill  is  almost 
invariably  undersize.  In  all  probability  there  is  no  need  for  such 
exactness  in  the  cutting  diameters,  since  a  drill  will  usually  cut  a 
hole  from  .002  to  .006  inches  oversize,  because  of  slight  inaccuracies  of 
grinding,  eccentricity  in  the  drill  shank,  or  expansion  from  tempera- 
ture rise. 

While  the  standards  for  flute  form  and  helix  angle  are  neither  so 
well  established  nor  so  necessary  as  are  those  for  cutting  diameters, 
the  forms  of  drill  shank  have  come  to  definite  standards.  This  uni- 
formity is  necessary,  in  order  that  a  drill  purchased  from  any  maker 


♦Cleveland   Twist   Drill   Co.,    Catalogue. 
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will  fit  the  spindle  of  any  lathe,  boring  mill,  or  drill-press.    Th< 
however,  several  types  of  drill-shank  taper.    Of  these  the  M 
is  the  oldest  and  most  widely  used.    Originally  it  was  probably  con- 
ceived as  a  uniform  taper  of  five-eighths  inch  \  \  but  inaccur 
in  the  first  set  of  gages  seems  to  have  led  to  Blight  inaccuracies  in  the 
resulting  product.    The  Brown  and  Sharpe  taper  of  one-half  inch  per 
foot  is  optional  with  most  drill  makers.     There  are  various  forms 
special  sockets  on  the  market,  employing  keys,  pins,  and  other  p 
tive  locks  for  driving  the  drill,   but   the   taper  shank   with   drii 
tongue  is  well  established  and  convenient. 

With  the  greater  use  of  high-speed  steels  an  old  type  of  drill 
has  been  revived,  namely  the  flat-twist  drill.  This  form  of  drill  has 
the  advantage  of  requiring  an  appreciably  smaller  quantity  of  high- 
speed  metal,  since  the  twisted  flutes  may  be  firmly  welded  or  brazed 
into  a  soft  steel  shank',  or  the  flat  flute  may  be  extended  to  form  a 
special  shank.  This  drill  has  a  further  advantage  in  that  the  metal 
is  hammered  or  rolled  to  form  and  then  twisted;  thus  a  closer  and 
more  homogeneous  structure  is  gives  to  the  steel  and  a  and 

tougher  product  results.  It  will  be  found  that  such  drills  require 
more  power  than  the  milled  drills  because  of  the  crude  form  of  the 
chip  space  and  the  poorly  shaped  cutting  edge.     Thei  ter  en- 

durance and  strength  may,  however,  more  than  offset   the  power 
where  heavy  production  in  hard  metals  is  desired.      Pig.   52  1 
an  idea  of  the  appearance  of  the  drill. 

A  further  improvement  in  this  drill  consists  in  shaping  the  bar 
of  high-speed  metal  so  that  the  twisting  process  will  give  a  resultant 
form  approximating  the  milled  drill.  With  modern  facilities  for  this 
forging  and  twisting  process,  an  excellently  shaped  drill  is  made, 
the  final  finish  being  given  by  a  careful  grinding.  Such  a  drill  is 
more  expensive  to  make  than  the  milled  drill,  but  it  n  tmbine 

all  the  advantages  of  the  milled  and  flat -twist  drill* 

26.  Tin  Helix  Angle,-  The  standard  lathe  tool  f<>v  operating 
on  cast  imn  has  a  back  sh.pe  or  rak<  ght  degrees,  a  front 

or   clearance   of   six    <h-:  and    a    side    slope    of    fourteen    d< 

This  combination  results  in  a  lip  angle  of  Bixty-eight  degrees,     i 

operation  on  steel  the  rake  and  clearance  angles  ai  ame,  bul  I 

side  slope   is  twenty-two  degrees   which   givSfl  a   lip  at 

degrees.     Pig.  53  C  shows  the  lathe  tool  as  applied  to  a  flat  surf 
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Fig.  53.     Standard  Cutting  Tools  Showing  the  Clearance  and  Cutting 

Angles 
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on  the  principle  of  a  drill  or  planer  tool  without  consideratiofl  of  the 
side  slope.    Figs.  53-D  and  53-E  show  the  theoretical  application  of 
the  cutting  angles  of  the  tools  for  operating  od  cast  iron  and 
respectively.     It  will  be  noted  that  the  an-.  hack  - 

now  correspond  to  the  helix  angle  of  the  ordinary  milled  or  forged 
twist  drill.    Whereas  the  accepted  helix  angle  for  twist  drills  is  al 
twenty-six  degrees  at  the  drill   periphery,   this   application   of  lathe 
tool  design  would  indicate  angles  of  en  and  twenty-one  degi 

for  cast  iron  and  steel,  respectively.     That  this  interpretation  is 
necessarily  a  true  one  will  be  seen  from  an  examination  of  V 
F,  G,  and  H. 

Here  the  25-,  30-,  and  35-degree  ai  I  the  helix  angle 

of  the  drill  at  the  periphery,  while  the  •">'  --.  4%-,  and  5-degree  am. 
represent  the  corresponding  helix  angles  at  the  edge  of  the  chisel 
point  of  the  drill.    The  averages  of  the  angles  along  the  catting  edge 
are  approximately  fourteen,  seventeen,  and  twenty 

Assuming  that  this  average  angle  should  correspond  to  the  cut- 
ting angle  of  a  lathe  tool,  it  will  be  found  that  the  correct  drill  for 
east  iron  will  have  a  helix  angle  of  twenty-eight  de  at  the  periph- 

ery, while  the  correctly  formed  drill  for  steel  will  have  ;i  correspond- 
ing helix  angle  of  forty  degrees.  The  drill,  therefore,  which  would. 
cording  to  this  theory,   produce  the  results   on   both   cast    iron 

and  steel  would  have  a  helix  angle  of  thirty-four  or  thirty-ti 
at  the  periphery.  This  theoretical  deduction  cannot,  however,  be 
relied  upon  for  practical  application,  since  the  entire  operation 
the  twist  drill  is  different  from  that  of  the  lathe  tool.  No  part  of  the 
Cutting  edge  has  the  same  Bpeed  88  any  other  part.  The  drill  point 
is  kept  cool  only  as  the  heat  is  conducted  away  by  the  metal  being 
cut.     The  support  given  the  drill  by  the  metal  upon  which  it   ifl 

atimr.  the  varying  clearance  of  the  cutting  edge,  and  the  difficult] 
cooling  and  of  chip  disposal  cause  drill  design  to  present  its  own 
culiar   problems,   although    it    is   possible   thai    much    may   be   learned 

from  the  lathe  tool  design.     It  is  reasonable  to  suppose  that  if 
carbon  steel  drill  would  give  satisfactory  Bervice  with  an  a' 
twenty-five  degrees,  tic  new  high  speed  drills  should  show  equal 

durance  with   a   -harper  cutting  edge,   that    is.   with   a   heli 

from  thirty  to  thirty-live  degrees  at  the  drill  periphery. 

Pig.  53-1  shows  the  regular  carbon  steel  drill,  and  I 
drill  of  high-speed  Bteel  which  has  lately  been  put  on  tl 
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In  this  high-speed  steel  drill  the  helix  angle  at  the  periphery  is  thirty- 
two  degrees  and  this  gives  approximately  a  41/^-degree  rake  or  back 
slope  at  the  edge  of  the  chisel  point.  The  clearance  of  twelve  degrees 
shown  in  each  drill  is  excessive,  bnt  is  pnt  at  this  figure  by  the  drill 
manufacturers  in  order  to  assure  sufficient  clearance  for  even  poor 
hand  or  machine  grinding,  just  as  lathe  tool  practice  recommends  a 
clearance  of  from  ten  to  twelve  degrees  where  grinding  machines  are 
not  available,  or  where  the  tool  gages  are  likely  to  be  inaccurate  or 
carelessly  used.  The  usual  clearance  of  six  degrees  would  be  suf- 
ficient if  properly  designed  drill  grinders  were  always  used.  The  ten- 
dency is  to  allow  too  little  clearance  at  the  drill  center;  so  this  large 
clearance  angle  is  designed  to  cover  possible  inaccuracies. 

In  tests  conducted  at  the  University  of  Illinois,  drills  were  used 
having  helix  angles  of  from  ten  to  forty-five  degrees,  which  in  con- 
junction with  clearance  angles  of  from  two  to  fifteen  degrees  gave 
cutting  lip  angles  of  from  thirty  to  seventy-eight  degrees  at  the 
periphery.  Such  a  range  of  cutting  angles  permitted  a  partial  ex- 
amination of  the  attendant  phenomena,  although  it  is  always  dif- 
ficult to  separate  angle  influence  from  variations  induced  by  varying 
flute  characteristics,  variations  in  drill  material,  structure  and  tem- 
per, or  variations  in  testing  material. 

27.  The  Angle  of  the  Cutting  Edge. — In  the  preceding  pages  it 
has  been  shown  how  the  helix  angle  of  the  drill  flutes  influences  the 
angle  of  the  cutting  edge,  but  this  angle  is  not  the  only  factor  which 
influences  the  form  and  action  of  the  cutting  edge.  Other  factors 
include  the  point  angle,  the  flute  form,  and  the  web  thickness  of  the 
drill,  as  well  as  the  peculiarities  of  point  grinding.  Of  course  it  is 
to  be  expected  that  an  increase  in  clearance  angle,  by  forming  a 
sharper  edge,  may  result  in  a  slight  decrease  in  driving  power.  The 
larger  helix  will  also  act  in  the  same  way  to  produce  a  sharper  edge, 
and  may  possess  advantage  also  in  its  effect  upon  the  formation  of 
better  chip  helixes. 

Considering  the  actual  form  of  the  edge  as  shaped  by  the  average 
drill  grinder,  it  will  be  observed  that,  as  viewed  from  the  side,  it  has 
a  slight  convex  curve,  shown  to  an  exaggerated  extent  in  Fig.  54-A. 
The  end  view  of  the  standard  ground  drill  shows,  however,  that  the 
advancing  edge  is  straight.  This  is  true,  because  the  drill  makers 
have  designed  the  flute  millers  in  order  to  produce  this  straight  edge 
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in  combination  with  the  118-degree  point  angle.  If  this  point  angle 
is  changed,  the  edge  contour  is  no  longer  a  straight  line,  but  becomes 
concave  with  a  larger  angle  and  irregularly  convex  with  a  sharper 
angle,  as  shown  in  Fig.  54-B.  The  variation  of  the  point  angle,  how- 
ever, introduces  other  effects  which  may  or  may  not  be  beneficial.  It 
would  be  possible  so  to  design  the  flute  millers  that  the  advancing 
edge  would  present  a  straight  line  for  any  point  angle;  so  this  may 
be  neglected  for  the  present.  Let  the  included  point  angle  be  in- 
creased from  the  standard  118  degrees  to  150  degrees  and  then  the 
length  of  cutting  edge  will  be  decreased  by  about  twelve  per  cent. 
This  decrease  means  that  less  length  of  cutting  edge  is  removing  the 
same  amount  of  metal;  so  the  wear  should  be  proportionately  in- 
creased. The  more  nearly  flat  point  also  removes  a  thicker  chip  pro- 
portionate to  the  decreased  length  of  edge,  which  also  should  cause 
increased  wear.  The  angles  at  the  drill  periphery,  indicated  by  "  W " 
in  Fig.  54-C,  also  become  more  acute  and  should  be  more  likely  to 
wear  since  they  have  the  highest  peripheral  speed  of  any  part  of  the 
cutting  edge.  The  angle  of  the  chisel  point,  furthermore,  is  more 
obtuse  and  the  action  more  nearly  approaches  rubbing,  rather  than 
the  scraping  cut  of  the  standard  point.  This  chisel  edge  at  best 
merely  scrapes  off  the  metal  but  the  further  debasing  of  the  action  is 
best  seen  if  it  is  supposed  that  the  point  angle  is  increased  to  180 
degrees.  Then  the  chisel  no  longer  even  scrapes.  It  must  be  forced 
through  the  metal  as  a  flat  surface,  crushing,  if  possible,  but  under  a 
tremendous  stress;  so  the  logical  conclusion  is  that  the  larger  point 
angles  are  unsatisfactory  from  several  standpoints. 

If,  on  the  other  hand,  the  point  angle  is  decreased,  the  length  of 
cutting  edge  is  increased,  and  this  increase  is  proportionately  greater 
than  the  decrease  in  cutting  edge  when  the  point  angle  is  increased; 
thus  the  length  of  edge  will  be  about  twenty-two  per  cent  greater 
for  a  decrease  of  thirty  degrees  of  point  angle ;  whereas  an  increase 
of  thirty  degrees  over  the  standard  angle  gives  a  decrease  in  cutting 
edge  length  of  only  twelve  per  cent.  The  thickness  of  the  chip  also  is 
<h creased,  the  angles  at  the  periphery  are  increased,  and  the  action  of 
the  chisel  edge  is  improved.  The  disadvantage  of  the  sharper  point 
angle  lies  in  the  fact  that  the  chisel  point  has  less  support  and  may 
chip  in  hard  material.  This  blunting  and  chipping  of  the  chisel  point 
may  also  lead  to  the  whole  drill  splitting,  because  of  the  increased 
pressure  necessary  for  cutting  and  danger  of  these  small  nicks  pro- 
viding a  starting  point  for  fracture. 
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The  value  of  the  longer  cutting  edge  and  of  the  thinner  chip 
shown  by  P.  W.  Taylor  in  his  treatise,    "On    the    A  I    Cutting 

Metals,"  in  which  he  states  that  if  the  chip  thickness  La  redu 1  to 

one-half,  the  cutting  speed  may  be  increased  to  I1-  tin  former 

value.  Taylor's  analysis  of  the  proper  form  of  cutting  edge  may 
in  some  respects  be  correlated  to  twist  drill  practice.  lie  states  thai 
the  straight  edged  tool  as  shown  in  Pig.  54-D  is  the  most  efficii 
form  and  would  be  widely  used  but  for  the  tendency  to  chatter.  The 
tool  shown  in  Fig.  54-E  is  a  modification  of  the  flat-edge  tool,  which 
is  given  a  slight  curvature  which  produces  a  chip  of  variable  thick- 
ness and  thus  reduces  the  chatter.  This  idea  of  the  curved  edge  he 
carried  .still  further  by  producing  the  standard  round  nosed  tool  so 
widely  used  in  all  roughing  work.  The  edge  curvature  reduces  the 
efficiency,  however,  and  the  flat  tool  shows  an  endurance  1.3  times 
greater  than  the  round  tool.    It  will  be  noted  that  the  of  all 

tools  terminate  in  rounded  corners.  Even  the  parting  or  cutting-off 
tools  have  the  corners  slightly  rounded.  The  great  disadvantage  of 
the  old  style  diamond  point  tool  lay  in  its  sharp  corner.  Examina- 
tion   of    Fig.    54-D   will    disclose   the   analogy    to   drill    form:    here   the 

tool  is  advancing  in  the  direction  shown  by  the  arrow,  and  although 

the  too!   is  stationary,  the  work  turns   in   snch   manner  8  ive  the 

effect  of  a  left-handed  drill.     The  cutting  edge  corresponds  to  the 
lip  of  the  drill,  and  the  angle  "x"  corresponds  to  the  angle  **W 
of  Pig.  54-C.    The  rounded  corner  according  to  Taylor  produces  a 
chip  which  thins  to  zero,  makes  the  tool   Less  liable  to  destruction, 
and  prevents  injury  to  the  work  even  if  the  tool  is  broken  down  in 
ice.    According  to  the--  lathe  tool  principles,  it  will  he  seen  that 
the  slighl  curvature  of  the  drill  lip  noted  in  Pig.  :> l  A  i-  beneficial 
in  reducing  the  possibility  of  chatter  when  lighl  \'>-<-<\  and  high  Bpeed 
are  used.     Theoretically,  then,  the  ideal   form  of  drill   lip  will  be 
variable  for  different  materials  to  he  drilled;  it   will  he  ground  t«» 
a  more  acute  point  angle  for  the  soft  materials  and  t«»  a  more  obi 
on.'  for  hard  materials.    The  matter  of  edge  contour  is 
importance  since  all  points  of  this  edge  lie  in  the  same  advancing 
plane.     The  comers  at   the  drill   periphery  should   he  rounded, 
shown  exaggerated  in  Pig.  54  B,  hut  the  rounding  of  the  whole  drill 

end    would    not    he   desirable. 

28.     Composition  of   High-Speed   S  With   few   except 

the  primary  metal  of  all  high  Bpeed  Bteels  is  iron,  and  since  the  ulti 
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mate  cost  of  the  steel  is  high  by  reason  of  the  alloys  used,  the  best 
grades  of  iron,  low  in  sulphur  and  phosphorus,  are  used.  Carbon 
was  for  a  long  time  the  principal  alloy  used,  and  the  product  was 
known  as  steel,  soft  steel,  hard  steel,  carbon  steel,  or  tool  steel  ac- 
cording to  the  variation  in  carbon  content.  Although  steel  has  been 
in  use  for  many  centuries,  it  was  not  until  1860  that  alloys  other 
than  carbon  were  used  intelligently  in  its  production.  Previous  to 
that  time  the  famous  Damascus  steels  are  known  to  have  contained 
tungsten,  nickel,  and  possibly  manganese,  although  these  were  present 
in  a  natural  alloyed  ore  and  were  not  added  by  the  makers.  In  1860 
Robert  Mushet  discovered  that  the  addition  of  tungsten  and  man- 
ganese in  fairly  large  percentages  would  produce  a  tool  steel  hard 
enough  for  use  without  the  usual  quenching  processes  but  needed 
only  to  be  cooled  in  the  air.  Steels  of  this  composition  are  known 
as  "self  hardening"  or  "air  hardening"  steels  and  were  the  imme- 
diate progenitors  of  the  modern  high-speed  steels.  Since  1880,  much 
experimenting  has  been  done  in  ascertaining  the  effect  on  steel  of 
adding  such  substances  as  tungsten,  chromium,  manganese,  silicon, 
vanadium,  cobalt,  and  even  copper,  and  aluminium.  The  possibility 
of  so  many  alloys  in  so  many  percentages  and  the  peculiarities  pro- 
duced by  variations  in  the  forging  and  heat  treatment  open  a  wide 
field  for  investigation.* 

It  is  true  that  there  is  still  much  to  be  done  in  investigating  the 
effect  of  alloys  on  steel,  but  enough  has  been  done  to  warrant  certain 
definite  statements.  Taylor,  in  1907,  laid  down  certain  rules  for 
composition  and  treatment  for  lathe  tools  which  still  are  generally 
followed.  He  recommended  a  low  manganese  content,  a  carbon  con- 
tent of  not  more  than  0.86  per  cent,  about  six  per  cent  chromium, 
nineteen  per  cent  tungsten,  low  silicon  and  less  than  one  per  cent 
vanadium.    His  rules  for  heat  treatment  were : 

(a)  Heat  slowly  to  1500  degrees  F. 

(b)  Heat  rapidly  from  that  temperature  to  just  below  the 
melting  point. 

(c)  Cool  rapidly  to  below  1550  degrees. 

(d)  Cool  rapidly  or  slowly  to  room  temperature. 

(e)  Reheat  to  1150  degrees  for  about  five  minutes. 

(f)  Cool  to  room  temperature  rapidly  or  slowly. 


Bibliography,   page   138,   for  references  to   such   investigations. 
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He  further  stated  that  this  treatment  would  apply  to  any  h 
speed  steel  and  that  the  method  of  obtaining  these  t  was 

of  small  importance,  provided  only  that  they  could  be   detenu  i 
with  exactness  and  that  the  tool  was  not  allowed  to  oxidize.     A  IV 
coal  fire  was  recommended  for  the  initial  heating  and  a  Lead  hath 
for  the  reheating.     More  recent  writers  suggest  gas  muffle  fnrna 
for  the  initial  heating  and  salt  baths  for  tempering. 

That  Taylor's  formula  may  not  hold  for  twist  drills  is  sug- 
gested by  some  of  the  later  investigators.  In  drills  the  conditions 
are  such  as  to  call  for  slightly  different  qualities  in  the  metal,  notably 
a  greater  toughness  and  strength.  This  logically  leads  to  a  lower 
percentage  of  carbon.  Other  considerations  lead  to  a  somewhat 
lower  chromium  content,  and  recent  experiments  suggest  the  use  of  a 
cobalt  alloy  and  an  increase  in  the  percentage  of  vanadium.  C.  A.  II. 
Lantsberry*  suggests  as  the  result  of  a  study  of  a  series  of  drill  t 
a  steel  containing  not  more  than  fourteen  per  cent  tungsten,  about 
four  per  cent  chromium,  one  per  cent  vanadium,  and  carbon  less 
than  0.60  per  cent.  Analyses  of  a  number  of  Btock  American  drills 
as  determined  by  Xorrisf  of  the  Westinghouse  Electric  and  Manu- 
facturing Company,  in  1911,  are  given   in  the  accompanying  tabic. 

Analyses  of  Stock  Drills  Of  American  Makes      Nobbib 
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These  analyses  show  both  the  wide  variation  of  values  for  the  dif- 
ferent variables  and  the  tendency  toward  a  low  carbon  and  chromium 
content.  The  generally  larger  manganese  content  is  noticeable,  giv- 
ing, according  to  Lantsberry,  a  greater  hardness  and  a  resistance  to 
fire-cracking  or  cracks  in  hardening. 

Lantsberry  gives  analyses  of  three  of  the  most  satisfactory  of 
the  English  tool  steels  as  follows: 


c 

Si 

Mn 

W 

Cr 

V 

Mo 

0.60 
.064 
.063 

0.30 
0.00 
0.00 

0.04 
0.00 
0.16 

14.62 
14.76 
17.77 

3.58 
4.27 
2.51 

1.04 
1.00 
0.95 

0.54 
1.22 
0.00 

The  chemical  composition  of  the  steel  is,  however,  not  the  only 
factor  which  affects  its  performance,  even  when  the  heat  treatments 
are  identical.  It  has  been  established  that  the  forging  processes  may 
be  regulated  to  give  a  harder  and  tougher  product.  For  this  reason 
forged  flute  drills  and  many  flat  twist  drills  give  better  results  than 
milled  drills ;  thus  of  the  drills  analyzed  by  Norris  the  low  tungsten 
drill  T  gave  greater  endurance  than  drill  E  which  is  high  in  tungsten, 
both  being  milled  drills,  but  drill  I,  also  a  high  tungsten  drill  but 
of  forged  flute  design,  was  practically  as  good  as  drill  T. 
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APPENDIX    II 

Drill  Grinding 

29.     Drill  Grinding  Machines. — In  1885  a  paper  was   pn 
before   the  American   Society   of  Mechanical    Engineers    by    W.    11. 
Thornc  in  which  were  discussed  the  tendencies  and  practices  of  that 
time  with  regard  to  twist  drills.     Special  attention  was  paid  to  the 
proper  form  of  point  grinding,  incidental  mention  being  made  of  tin4 
high  prices  of  drill  grinding  machines.     In  the  course  of  the  dis- 
cussion one  engineer  remarked  that   the  man  who   would   mark- 
drill  grinder  for  fifty  dollars  would  he  a  public  benefactor.     Twenty- 
four  years  later,  in  the  discussion  of  the  experiments  by  Dempe 
Smith,  the  following  statement  is  found : 

'•  With  regard  to  the  question  of  grinding  twist  drills,  drill  grinding  mac; 
were,  with  the  exception  of  common  hack-saws,  perhaps  among  the  ehe&] 
chines  to  be  found  in  engineering  shops.     Was  there  any  good   reason   why  this 
should  be  the  case?     Why  should  twist  drill  grinding  machines  which  had 
even  enough  weight  of  metal  in  them  to  be  rigid,  and  some  of  which  wen-  sold 
at  ridiculously  low  prices,  be  used  at  all?     The  twist  drill  itself  might  probably 
be  used  in  a  machine  costing  from  ten   to  twenty  times  as  mnch  as  the  grinding 
machine,  and  yet  the  efficiency  of  the  drill  and  the  drill-press  was  limited  by  the 
inefficient  grinding  machine  employed." 

It  will  be  seen,  therefore,  that  some  great  changes  in  drill  grind- 
ing machines  have  been  made  in  the  last  quarter-century.  It  may 
be  stated,  however,  that  it  has  normally  been  possible  to  procure  a 
remarkably  efficient  grinder,  capable  of  grinding  drills  up  to  l'j 
inches,  for  less  than  fifty  dollars.  Between  fifty  and  one  hundred 
dollars  there  is  a  wide  choice  of  the  highest  grade  machines  capa 
of  grinding  the  largest  and  smallest  drills.  Even  the  small  machine 
shop  can,  therefore,  profitably  have  as  pari  of  its  equipment  an 
ficient  drill  grinder. 

The  average  grinding  machine  is  extremely  simple  in  its  opera- 

tion.  Several  types  are  automatic  in  their  adjustment  for  the  dif- 
ferent diameters  of  drills,  and  those  employing  a  calipering  method 
require  but  a  moment  for  adjustment.  Usually  an  adjustment  for 
the  clearance  angle  is  unnecessary,  the  point  angle  is  fixed  at  the 

59-degree  standard,   and    the   whole   desigD   of   the    machine   is  such 

to  give  th<'  most  efficient  form  of  point.    With  hand  grinding  of  drills 
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larger  than  three-eighths  of  an  inch  it  is  almost  impossible  to  get 
accurate  results.  The  length  of  each  cutting  edge  must  be  the  same, 
the  lip  angles  must  be  identical,  and  the  clearance  should  increase 
from  the  periphery  to  the  drill  center.  A  drill  without  these  re- 
quirements will  drill  a  larger  hole,  will  use  more  power,  will  intro- 
duce strain  on  the  drill-press,  and  is  likely  to  split  or  break.  A 
perfectly  ground  drill  will  perform  forty  per  cent  more  work  between 
grindings  than  a  hand  ground  drill,  and  the  amount  of  metal  removed 
at  each  grinding  will  be  less.  Machine  grinding  eliminates  the 
necessity  for  the  removing  of  metal  to  correct  initial  inaccuracies. 
Perhaps  no  tool  is  so  difficult  to  grind  by  hand  or  so  easy  to  grind 
accurately  by  machine. 

The  drill  grinder  used  in  these  tests  is  illustrated  by  the 
sketches  shown  in  Fig.  55.  The  principles  of  operation  briefly  are 
as  follows: 

"The  drill  to  be  ground  is  laid  in  the  V-rest,  E  (Fig.  55-A  and 
B),  the  drill  backing  against  the  stop  in  the  tail  block.  Near  the 
front  end  of  the  'V  is  a  slot  by  which  the  drill  may  be  held  while 
grinding  or  lifted  out  of  the  trough  as  required.  At  the  extreme 
front  end  of  the  V-piece  is  the  lip  rest  D  (Fig.  55-C)  against  which 
the  lip  of  the  drill  is  rolled,  thus  bringing  it  and  holding  it  in  correct 
position. 

"In  Fig.  55-B  is  seen  the  fixed  stud  A,  projecting  from  the  front 
of  the  frame  and  parallel  with  the  wheel  shaft.  On  this  stud  is  the 
split  sleeve  C  with  a  screw  to  clamp  it,  and  an  arm  extending  back- 
ward with  a  bearing  pointing  obliquely  forward  and  upward  in 
which  swings  the  bracket  which  carries  the  tool-holder.  The  grinding 
of  the  drill  is  done  by  the  swinging  of  the  drill-holder  in  this  inclined 
bearing.  The  apex  of  the  V-shaped  groove  in  the  drill-holder  is  in 
line  with  the  inclined  axis  of  the  journal,  so  that  when  the  drill-holder 
swings  from  side  to  side,  it  turns  on  this  point  as  a  pivot.  The  face 
of  the  grinding  wheel  being  at  an  oblique  angle  to  the  axis  of  the 
journal  supporting  the  holder,  any  parts  supported  in  the  drill- 
holder  will  be  ground  to  correspond  to  the  portion  of  the  surface  of 
a  cone;  consequently  a  small  drill  laid  in  the  'V  will  come  nearer 
the  apex  of  the  cone,  and  will  be  ground  to  conform  to  that  portion 
of  the  cone,  while  a  larger  drill  will  not  set  so  deep  in  the  'V  and 
will  be  ground  to  correspond  to  a  cone  with  a  larger  base,  thus  the 
size  of  the  drill  laid  in  the  holder  automatically  determines  and  se- 
cures the  correct  curvature." 
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It  may  be  remarked  that  although  the  grinder  is  accurate  and 
easy  to  operate,  constant  practice  in  drill  grinding  is  required  in 
order  that  the  effect  of  the  various  adjustments  may  be  fully  under- 
stood and  appreciated.  The  range  of  grinding  possible  with  this 
machine  is  shown  by  the  fact  that  in  these  tests  the  point  angle  was 
varied  from  44  to  74  degrees,  the  clearance  angles  from  2  to  15  de- 
grees, the  edge  angles  from  110  to  145  degrees,  and  the  helix  angles 
from  10  degrees  to  45  degrees. 

Carbon  drills  should  be  wet-ground,  since  it  has  been  proved 
that  it  is  almost  impossible  to  dry-grind  a  carbon  drill  without  draw- 
ing the  temper  on  the  cutting  edge.  While  this  change  may  be  im- 
perceptible to  the  naked  eye,  a  strong  glass  will  bring  out  a  thin  blue 
edge.  Tests  have  shown  this  condition  to  diminish  the  efficiency  of 
a  drill  at  least  five  per  cent,  with  consequent  loss  of  production  and 
increase  in  power  consumption. 

High-speed  drills  are  usually  dry-ground,  although  there  is  some 
discussion  concerning  the  best  practice.  If  the  drills  are  ground  dry, 
there  is  a  possibility  of  heating  the  cutting  edge  to  such  a  point  as 
to  injure  the  steel,  especially  if  the  grinding  wheel  has  become  glazed 
by  use.  Taylor  in  his  work,  l '  On  the  Art  of  Cutting  Metals, ' '  says  of 
the  grinding  of  high-speed  lathe  tools : 

' '  The  writer  trusts  that  he  has  made  the  fact  clear  that  the  property  of 
the  red  hardness  of  tools  is  seriously  impaired  by  even  temporarily  raising  their 
temperature  beyond  1240  degrees  Fahr.  He  ventures  to  say  that  fully  half  of 
the  high-speed  tools  now  in  use  in  the  average  machine  shops  have  been  more 
or  less  injured,  and  are  therefore  lacking  in  uniformity,  owing  to  their  having 
been  overheated  in  the  operation  of  grinding.  Even  when  a  heavy  stream  of 
water  is  thrown  upon  the  nose  of  the  tool  throughout  the  operation  of  grinding, 
tools  can  be  readily  overheated  by  forcing  the  grinding  or  by  allowing  the  tool 
to  fit  closely  against  the  flat  surface  of  the  grindstone.  The  injury  is  the  more 
serious  because  there  is  no  way  of  detecting  it  except  through  finding  by  actual 
use  that  the  tool  has  become  of  inferior  quality.  The  writer  has  frequently  seen 
tools  which  were  ground  under  a  heavy  stream  of  water  heated  so  that  the  metal 
close  to  their  cutting  edges  showed  a  visible  red  heat." 

This  discussion  shows  that  even  the  red-hard  steels  may  be 
injured  in  the  same  manner  as  carbon  steels  and  that  care  is  required 
in  the  process  of  grinding.  Taylor  recommends  further  that  a  heavy 
stream  of  water  at  low  velocity  be  played  on  the  tool  while  grinding 
to  afford  ample  cooling  without  splash.  The  principles  of  lathe  tool 
grinding  may  be  also  applied  to  drill  grinding,  although  the  drill 
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has  an  advantage  in  that  it  is  constantly  moved  over  the  i  the 

wheel  and  has  only  a  line  contact  therewith.  Of  course  high-speed 
drills  should  never  be  ground  under  a  small  stream  of  water  or 
cooled  by  being  plunged  in  water  after  being  heated  in  grinding  or 
drilling.     Such  a  procedure  will  inevitably  start  small  Burf  acks 

which  will  reduce  the  efficiency  of  the  drill  and  may  lead  to  deeper 
cracks  which  will  destroy  the  drill. 

One  thing  which  is  often  overlooked  in  the  grinding  of  high- 

speed  steels  is  the  degree  of  sharpness  of  the  edge.  An  exj 
machinist  will  recommend  that  after  the  drill  has  been  run  a  few 
minutes  the  edge  should  be  touched  up  with  a  stone  to  give  it  an 
even  polish.  The  drill  will  then  cut  well,  and  the  process  of  edge 
honing  seems  to  increase  the  endurance.  Whether  this  advantage  is 
real  or  imaginary  is  uncertain,  although  experiments  show  that  the 
first  sharpness  of  the  tool  is  transitory  and  the  real  serviceable  cut- 
t imr  edge  shows  slightly  rounded  under  the  glass.  The  tool 
to  settle  to  a  cutting  edge  after  drilling  for  some  min  ml  the 

edge  honing  probably  helps  by  removing  irregularities  rather  than 
l»y  disturbing  the  rounded  edge.  This  rounded  edge  is  well  known 
in  lathe  tools  and  constitutes  one  difficulty  in  the  determination  of 
relative  dullness. 

30.  Point  Angles. — In  a  communication  Prof.  W.  W.  Bird  of 
the  Worcester  Polytechnic  Institute  states:  "As  far  as  we  know,  the 
original  drill  grinder  was  made  to  duplicate  results  secured  by  good 
hand  work.  The  point  angle  of  59  degrees  was  simply  arbitrary; 
60  degrees  would  do  just  as  well.  Sentiment  Beems  to  call  fm-  a 
straight  edge  or  lip,  and  sentiment  is  a  factor  in  selling  drills.  Stand- 
ard cutters  having  been  designed  for  the  59  degree  angle  and  a 
Btraight  lip,  a  change  of  angle  would  mean  cither  new  cutters  or  a 

curved   lip.     ...     As  it    is.  OUT  experiments  have  shown  that   a   few 

degrees  difference  in  the  point  angle  makes  but  very  little  difference 
in  results."    This  statement  of  Professor  Bird's  concisely  exprec 
the  present  status  of  the  point  angle,  which  is  practically  the  same 

for  the  modern  high-s] 1  Bteels  as  it  was  for  the  old  carbon  b1 

drills  thirty  or  forty  years  ;i'-r".     As  indicated  under  the  dis.-us.sinn 
of  cutting  edge   form,  there  are  certain   theoretical   advantages  in 
using  a  sharper  point  angle  and  it  is  probable  that  a  change  of  a  I 
degrees  in  grinding  would   result   In  a  more  durable  <'<]<_'<■  without 
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materially  affecting  the  contour  of  the  edge  or  necessitating  new  flute 
millers. 

Some  of  the  possible  variations  from  standard  form  are  shown 
in  Fig.  56.  Sketch  A  shows  how  the  angle  of  the  cutting  edge  may 
be  made  more  obtuse  for  drilling  in  a  hard  material.  The  form 
shown  is  rather  extreme,  and  good  results  may  often  be  obtained  by 
merely  going  over  the  edges  with  a  hand  stone.  This  form  is  some- 
times found  efficient  in  drilling  soft  material,  such  as  brass,  where 
the  regular  point  has  a  tendency  to  "hog  in"  or  "grab."  Sketch 
B  shows  the  standard  method  of  point  thinning,  which  is  an  opera- 
tion requiring  care  and  experience,  since  the  tendency  is  to  spoil  the 
cutting  edges  by  giving  them  the  obtuse  angle  shown  in  Sketch  A. 
This  thinning  if  improperly  done  will  cause  the  center  to  be  ec- 
centric and  make  the  drill  cut  too  large,  or  may  so  weaken  the  web 
as  to  cause  it  to  split  in  service.  Sketch  C  shows  how  a  drill  was 
purposely  blunted  for  the  purpose  of  investigation,  the  cutting  action 
of  the  chisel  being  destroyed  and  reduced  to  merely  a  crushing  action. 
Sketch  D  shows  a  crude  attempt  at  point  thinning  on  a  flat-twist 
drill,  one  of  those  used  in,  tests  at  the  University  of  Illinois.  No 
attempt  was  made  to  preserve  the  cutting  edge  in  good  form,  but  the 
semicircular  groove  was  ground  down  each  side  and  the  drill  used 
in  this  shape.  Rather  unexpectedly  the  drill  gave  very  good  results 
and  in  a  number  of  test  performed  better  than  a  high  grade  standard 
milled  drill. 

31.  Clearance  Angle. — The  question  of  clearance  angle  at  the 
drill  periphery  has  been  touched  upon  in  the  discussion  of  the  helix 
angle,*  in  which  it  was  shown  that  this  angle  influences  the  actual 
cutting  angle,  and  attention  was  called  to  the  fact  that  the  manufac- 
turers specify  an  angle  of  clearance  far  in  excess  of  the  actual  need 
in  order  to  compensate  for  poor  drill  grinding. 

That  the  clearance  angle  of  the  drill  should  increase  from  the 
periphery  toward  the  center  is  a  fact  generally  well-understood.  An 
attempt  has  been  made  in  Fig.  57  to  show  the  reasons  for  this.  At 
the  scale  used  the  sketch  represents  a  feed  of  0.25  inches  per  revolu- 
tion,— about  ten  or  twenty  times  the  feed  used  in  drilling.  The  in- 
crease toward  the  center  is,  however,  proportional,  the  difference 
between  angles  Z  and  Z'  shows  the  necessity  for  this  form  of  grind- 

*  See  page  29. 
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ing.  Most  drill  grinders  are  designed  to  give  this  increased  clearance 
at  the  center.  The  large  valne  of  this  angle  for  even  ordinary  work 
may  be  seen  by  reference  to  Fig.  58,  which  shows  the  clearances  nec- 
essary on  a  one-inch  drill  for  various  rates  of  feed.  It  should  be 
remembered  that  the  angles  shown  are  only  the  angles  necessary  for 
the  drill  to  screw  itself  down  into  the  work  and  are  usually  increased 
by  four  or  five  degrees  to  allow  for  a  working  clearance. 

It  is  the  value  of  the  clearance  angle  at  the  center  which  largely 
determines  the  value  of  the  ' '  chisel  edge  angle  "  or  '  *  edge  angle. ' '  As 
the  clearance  at  the  center  increases,  this  edge  angle  also  increases. 
The  manufacturers  recommend  an  angle  of  135  degrees.  Just  what 
the  proper  value  for  the  peripheral  clearance  may  be  is  difficult 


A    DIAMETER  OF  CYLINDER  AT  DRILL  PERIPHERY. 
A'    D' AMETER  OFCYLINDER  AT  CHISEL  EDGE. 
B    CIRCUMFERENCE  OF  CYLINDER  A. 
&    CIRCUMFERENCE  OF  CYLINDER  A'. 
X     FEED  PER  REVOLUTION. 
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Fig.  57.     Demonstrating  the  Need  for  Increased  Clearance  at  the  Drill 

Center 

to  decide,  for  while  the  manufacturers  recommend  a  twelve-degree 
angle  they  clearly  state  that  it  is  excessive  for  a  well  ground  drill, 
and  drills  come  from  their  hands  with  clearance  angles  of  about  four 
and  five  degrees.  In  a  recent  publication*  the  superintendent  of 
Baker  Brothers,  Toledo,  Ohio,  gives  it  as  his  experience  that  drills 
perform  better  if  they  are  given  a  clearance  of  two  degrees  more 
than  that  given  by  the  drill  makers,  or  approximately  six  to  seven 


*  Hallenbeck,  G.  E.,  Iron  Trade  Review. 
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degrees.  This  is  about  in  accord  with  the  findings  of  F.  W.  Taylor 
for  lathe  tools,  who  recommends  a  clearance  of  six  degrees  as  using 
no  more  power,  and  as  being  more  durable  than  a  greater  clearance 
angle  and  also  more  durable  than  even  a  five  degree  clearance,  which 
he  found  just  enough  too  small  to  prevent  the  tool  being  ground  away 
on  the  flank  below  the  cutting  lip. 

The  method  of  measuring  the  clearance  angle  exactly  is  illus- 
trated by  the  photograph,  Fig.  59.  This  method  is  described  and 
illustrated  by  Corneil  Ridderhoff.*  He  states  that  ''the  outer  ends 
of  the  paper  are  slid  by  each  other  until  its  top  edge  is  parallel  with 
the  line  of  clearance  immediately  back  of  the  cutting  edge.  A  mark 
is  then  made  at  A,  the  paper  removed  and,  being  laid  flat,  a  line  is 
drawn  from  mark  A  to  corner  B  at  the  other  end.  The  angle  inter- 
cepted between  this  line  and  the  edge  of  the  sheet  is  the  angle  of 
clearance  on  the  drill. ' '  It  may  be  further  stated  that  if  the  sheet  of 
paper  is  8V2  inches  long,  the  mark  A  should  be  one  inch  from  the 
edge  to  indicate  an  angle  of  seven  degrees,  while  a  mark  1%  inches 
from  the  edge  will  indicate  an  angle  of  twelve  degrees. 


*  American  Machinist,   Jan.   1,    1903,  p.   5. 


Pig.  59.     Method  oi    Mi    -         q  the  Clear  a:  i  •     \    ■ 
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APPENDIX  III 

Lubrication  of  Drills 

32.  Application  of  Lubricant. — As  early  as  1892  there  is  men- 
tion of  a  twist  drill  having  oil-holes  in  the  metal,  these  being  formed 
by  first  drilling  small  holes  longitudinally  through  the  drill  blank 
and  then  twisting  and  milling  it.  Previous  to  this  date  there  had 
been  attempts  to  use  a  lubricant  at  the  drill  point  by  carrying  it 
through  small  brass  tubes  soldered  or  wired  to  the  drill  flutes  or 
through  channels  milled  in  the  outer  surface  of  the  flutes.  Most  of 
these  lubricating  drills  were  used  in  a  turret  lathe  or  similar  ma- 
chine in  which  the  work  revolved  and  the  drill  remained  stationary. 
since  this  permitted  the  easy  introduction  of  the  lubricating  fluid. 
The  modern  drill,  however,  with  its  oil  holes  can  be  used  in  an  or- 
dinary drill-press  very  satisfactorily  with  a  special  BOckei  now  made 
by  drill  manufacturers.  The  feature  of  this  socket  is  a  floating 
sleeve,  having  ground  joints,  which  remains  stationary  while  the 
drill  revolves  and  conveys  the  fluid  to  the  oil-hole  opening  in  the 
drill  shank.  The  use  of  such  a  drill  necessitates  a  constant  circula- 
tion pump  system  for  the  lubricant  with  means  for  catching  the  drip, 
and  straining  the  oil. 

"Where  oil-hole  drills  and  their  adapting  sockets  are  not   da 
the  problem  of  lubrication  is  a  more  difficult  one.      If  a  stream  of 
fluid  is  played  on  the  drill  where  it  enters  the  work  there  i^  an 
cessive  use  of  fluid,  which  tends  to  cause  Bplashing  and  makes  the 
work  more  difficult  and  messy.     [\    u  ;»N< »  probably   true  that   the 
fluid  is  of  very  little  value  after  the  drill  has  penetrated  t.»  a  depth 
of  several  inches.     For  slow  speed  drilling  and    \'<>v  Bhallow   h" 
this  method  may  prove  satisfactory.     A  recent  Bcheme  for  lubri 
tiou  has  been  suggested   in    winch   j i lt^   are   used.      The  jig    is   fitted 
with  oil  leads  to  carry  the  fluid  to  the  spot  where  the  drill  enters  the 
work,   and   this   exact    directing   of   the   stream    tends    to    give    bet1 
results   than    the   haphazard  "flooding"   so   often   seen. 

Where  the  drill  consists  of  the  duplicating  of  the  game   pi 
cess  for  a  great  number  of  pieces,  as  in  tome  of  the  large  automobile 
factories,  lubrication  may  be  reduced  t<>  a  Bystem.    Special  lubri 
ing  jigs,  baths  of  fluid.  or  special  positioning  of  the  worl 
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employed.  Some  manufacturers  have  found  that  very  good  results 
may  be  obtained  by  inverting  the  work — the  drill  running  up  into 
the  work  instead  of  down,  as  is  more  usual.  This  permits  the  lu- 
bricating fluid  to  drain  out  of  the  holes  quickly  and  completely, 
carrying  with  it  the  chips  and  giving  a  clean  hole  and  a  long-running 
drill.  This  method  has  the  further  advantage  that  the  work  does 
not  rest  in  a  pool  of  the  fluid,  but  is  drained  clean  as  soon  as  the 
drill  stops  and  allows  quick  removal  with  no  slop  or  waste.  Some 
manufacturers  place  the  work  horizontally,  as  in  the  standard  boring 
mill,  and  find  that  this  has  the  advantage  of  easy  positioning  of  the 
work,  quick  draining,  and  complete  chip  removal. 

It  is  the  usual  practice  to  use  a  liquid  as  the  cooling  and  lubri- 
cating medium,  but  sometimes,  and  particularly  when  the  material 
to  be  worked  is  cast  iron,  compressed  air  is  used.  This  can  be  ap- 
plied only  through  the  use  of  drills  with  longitudinal  holes  and 
special  sockets,  for  drill-press  work,  and  is  not  a  very  general  custom. 
Air  serves  to  cool  the  drill,  though  probably  very  slightly,  and  also 
blows  out  the  small  particles  of  iron.  Where  an  insufficient  stream 
of  water  or  other  liquid  only  causes  these  small  particles  of  iron  to 
form  a  swarf  which  grinds  away  the  drill,  the  air  removes  them  in 
a  dry  state,  clearing  the  hole  and  giving  a  free  cut.  If  a  heavy  stream 
of  water  is  used,  it  is  probably  superior  to  the  air  and  has  the  further 
advantage  of  requiring  no  elaborate  device  for  catching  the  dust 
and  chips.  There  seems  to  be  a  tradition  that  a  liquid  lubricant 
should  not  be  used  on  cast  iron,  but  the  probability  is  that  a  suf- 
ficient amount  of  liquid,  supplied  under  proper  pressure,  will  be 
found  superior  to  air.  More  recently  there  has  been  some  use  of  com- 
pressed air,  as  cooling  fluid,  in  the  drilling  of  deep  holes  in  steel.  In 
this  event  the  drill  lips  must  be  gashed  so  that  they  will  break  up 
the  chips,  a  fairly  heavy  feed  and  slow  speed  should  be  used,  and  the 
air  should  be  supplied  through  an  oil-hole  drill  at  a  considerable  pres- 
sure (seventy  or  eighty  pounds  per  square  inch).  It  is  reported  that 
in  machine  steel  this  process  gives  a  smooth  hole  and  the  drill  keeps 
quite  cool,  the  chips  being  removed  by  the  air  blast  as  soon  as  formed. 

33.  Action  of  Lubricant. — Among  the  users  of  drills,  or  in  fact 
of  any  of  the  machine  tools,  there  seems  to  be  a  considerable  difference 
of  opinion  whether  the  use  of  a  lubricant  decreases  the  power  nec- 
essary to  drive  the  tool.     That  it  increases  the  endurance  of  the  tool 
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is  undeniable,  but  that  it  also  decreases  the  power  is  not  so  generally 
believed.  In  his  lathe  tool  experiments  F.  W.  Taylor*  found  that 
the  use  of  a  heavy  stream  of  soda-water  on  the  chip  at  the  tool  point 
permitted  an  increase  in  cutting  speed  in  steel  of  about  forty  per 
cent.  "When  cutting  hard  cast  iron,  the  increase  in  speed  through 
the  use  of  water  was  sixteen  per  cent.  Apparently  the  only  action 
here  was  one  of  cooling  the  tool  and  chip,  since  the  soda-water  tin  id 
has  small  lubricating  effect.  Unfortunately  these  experiments  of 
Taylor's  are  practically  the  only  ones  on  any  type  of  tool  which  show 
the  effect  on  endurance  of  the  use  of  a  cooling  fluid.  The  use  of 
compressed  air  in  some  drilling  work  shows  that  the  combined  effect 
of  cooling  and  efficient  chip  removal  is  beneficial  under  certain  con- 
ditions. 

In  drill  tests  run  by  Smith  and  Poliakoff,t  no  attempt  was  made 
to  ascertain  the  effect  of  lubrication  on  drill  endurance,  but  various 
tests  were  run  to  find  the  effect  of  lubrication  on  power  consumption 
when  drilling  in  steel.  The  results  show  that  when  using  a  copious 
supply  of  a  solution  of  water  and  turning  oil  the  powder  consumed 
was  from  seventy-two  to  ninety-two  per  cent  of  that  when  drilling 
dry,  the  greater  saving  being  shown  for  the  lowTer  feeds.  The  end 
thrust  on  the  drill  was  from  twenty-five  to  thirty-five  per  cent  less  for 
soft  and  medium  steels  and  twelve  per  cent  less  for  hard  steel.  The 
lessened  end  thrust  has  no  effect  on  the  power  consumption  of  the 
drill  itself,  but  lessens  the  power  input  to  the  drill-press.  The  sav- 
ing in  power  may  be  attributed  to  two  or  possibly  three  causes,  name- 
ly, the  lubrication  of  the  cutting  edge,  the  lubrication  of  the  chips  to 
reduce  their  friction  on  the  drill  and  to  facilitate  their  removal,  and 
the  washing  out  of  the  chips  by  the  stream  of  fluid. 

34.  Lnbrica?its. — There  is  almost  as  little  uniformity  in  the 
Lubricants  used  in  commercial  work  as  there  is  in  the  methods  of 
application.  A  common  lubricant  is,  of  course,  lard  oil,  l»ut  the  ex- 
pense Of  this  has  led  to  numerous  substitutes.      In   the  catalogues  of 

drill  makers  the  following  lubricants  are  recommended: 

For  Tool   Steel:   Lard   oil,   machine  oil,   turpentine,   Boda- 

water,    kerosene. 

For  Soi't    Steel  :   Lard  oil,   machine  oil,  soda-water. 


►TmjrlOT,    F.    W..    "On    Hi.-    Art    nf    Cutting    Metals,"    Fuld.r     1'.      N      V.     190G. 

f  American  Machinist,   Vol.  U'j.  pp.   73'.».   H30. 
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For  Cast  Iron:  Dry,  or  compressed  air. 
For  Brass :  Dry  or  paraffin-oil. 

For  Aluminum:  Kerosene,  soda-water,  and  aqualine  and 
soda-water. 

The  same  lubricants  are  generally  recommended  for  wrought  iron 
as  for  soft  steel.  That  the  lubricants  recommended  are  not  the  only 
desirable  ones  is  shown  by  an  investigation  of  general  practice.  Here 
are  suggested  various  compounds,  such  as : 

For  Steel:  Boil  together  lard  oil,  1/3,  and  soda-water,  2/3. 

For  Steel:  Heat  together  borax,  seven  pounds,  and  water, 
forty  gallons.     When  cool,  add  seven  gallons  of  lard  oil. 

For  Steel :  A  thin  drilling  compound  —  almost  water  — 
enough  compound  to  make  smooth  and  to  prevent  rust. 

For  Aluminum:  Half  kerosene  and  half  lard  oil. 

In  many  places  the  most  used  fluid  is  a  solution  of  about  one  gallon 
of  soluble  cutting  oil  to  fifteen  gallons  of  water.  It  is  probable  that 
this  solution  would  prove  satisfactory  for  most  work,  since  a  drilled 
hole  does  not  usually  require  the  perfect  surface  that  can  be  given 
only  by  a  solution  rich  in  lard  oil.  Almost  any  machinist  knows  the 
value  of  turpentine  as  a  lubricant  in  drilling  very  hard  steel,  al- 
though just  why  it  has  this  value  is  not  well  known.  It  is  suggested 
that  it  exercises  a  local  softening  effect  or  that  the  fluid  may  possibly 
penetrate  the  pores  of  the  metal  and  afford  a  more  intimate  contact 
of  lubricant  with  drill  edges  and  chip. 
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APPENDIX   IV 

Drill  Testing 

35.     Methods  of  Testing. — Drills  and  drilling  processes   maj 
tested  to  determine  the  following  characteristics: 

(1)  Endurance  of  drills 

(2)  Power 

Input  at  the  motor 

Used  at  the  drill  point 

Absorbed  by  the  driving  mechanism 

(3)  Composition  of  steel  used  in  drills 

(4)  Forms  of  drills 

The  tests  to  determine  the  endurance  of  drills  are  simple  and 
easy  to  conduct.     They  consist  merely  of  driving  the  drill  through 
steel  or  iron  at  desired  speeds  and   rates  of  feed  until   failure,  and 
noting  the  effects  of  the  process  upon  the  drill.     By  using  a  uniform 
material  for  the  test  drilling  and  by  arranging  a  definite  Beries  of 
increasing  rates  of  iVod.  it  is  possible  to  compare  a  number  of  dif) 
cut  drills.     A  difficulty  to  be  met  in  this  sort  of  test  lies  in  t 
that  the   influence  of  the   different  characteristics   cannot    be   del 
mined;  thus  the  whole  drill  may  be  quite  strong,  yet  an  increasing 
bluntness,   possibly   made   more  pronounced   through    improper   tem- 
pering, may  cause  the  drill  to  break  sooner  than  a  weaker  drill  which 
holds  its  edge  better,  or  one  of  the  drills  may  run  into  a  hit  of 

gated  manganese  or  carbon  in  the  tesl  Mock  and  fail,  hut  without 

giving  any   indication    whether   the   cause    lay    in    the   drill   or   in 

block.     This  test    requires  a   powerful   drill-press  and   considerable 
power.    Modifying  the  tesl  by  running  the  drills  merely  to  blunts 
has  its  objections  in  the  difficulty  of  estimating  exactly  the  . 

of  bluntness  from  the  appearance  of  the  drill  or  of  brinLrin'_r  two  drills 

fo  the  same  appearance  at  different  tin 

The   second    method    of    t.'stin<_:    involves    the    use    of    i  for 

recording  or  indicating  the  electrical  input  t«»  the  motor  driving  tic 
drill-press.  Tins  method  also  presents  difficulties  in  connection  with 
the  determination  of  the  definite  effects  of  the  different  influ 
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factors.  It  has  been  customary  in  such  tests  to  run  the  motor  and 
drill-press  idle  at  different  spindle  speeds  to  determine  the  power 
absorbed  by  the  driving  mechanism  and  then  tests  are  made  for  the 
total  power  consumption.  Subtracting  the  first  set  of  readings  from 
the  second  set  is  supposed  to  give  the  power  consumed  by  the  drill 
alone.  The  fact  is,  however,  that  the  result  of  this  subtraction  also 
includes  extra  power  absorbed  by  the  bearings  of  the  motor  and  press 
due  to  the  increase  in  torque  and  thrust,  so  that  the  drill  is  repre- 
sented as  consuming  more  power  than  it  really  does.  This  method 
of  testing,  therefore,  is  most  useful  when  confined  to  the  total 
power  consumption,  the  results  then  being  accurate,  but  the  re- 
sults obtained  from  such  tests  are  specific  rather  than  general,  for 
different  drill-presses  will  consume  different  amounts  of  power  in  do- 
ing the  same  work  at  the  drill  point,  because  of  different  arrange- 
ments of  the  drive  and  feed  gears,  of  the  number  and  type  of  bearings, 
and  of  the  variations  in  feed  and  speed  of  the  drill. 

Tests  to  determine  the  power  delivered  to  the  drill  point  elim- 
inate discrepencies  due  to  mechanical  differences  in  drill-presses  and 
yield  results  which  are  of  definite  practical  value  and  which  are  to 
a  large  extent  comparable  with  results  of  other  tests  conducted  in 
a  similar  manner.  Power  variations  in  the  drill  due  to  differences  in 
drill  form,  sharpness,  angles  of  grinding,  speed,  feed  and  other  fac- 
tors may,  in  these  tests,  be  noted  by  means  of  dynamometers  mounted 
to  record  the  power  delivered  to  the  point.  Exact  indications  of 
drill  endurance  may  be  obtained,  and  if  failure  is  due  to  faults  in 
the  test  blocks  this  fact  may  be  detected  from  the  test  records  ob- 
tained. The  fact  is  to  be  recognized,  however,  that  tests  which  in- 
volve the  determination  only  of  the  power  at  the  drill  point  do  not 
yield  results  on  the  basis  of  which  the  efficiency  or  performance  of 
the  drill-press  may  be  studied.  There  is  a  tendency  also  to  lay  down 
exact  laws  and  formulas  for  drill  performance  based  on  such  tests, 
since  indications  obtained  may  be  exact,  and  to  overlook  the  fact  that 
there  may  not  be  uniformity  in  the  metals  drilled.  Particularly  is 
this  true  if  cast  iron  is  used,  for  what  may  be  termed  soft  cast  iron 
in  England  may  be  medium  cast  iron  in  America.  The  differences 
in  methods  of  different  experimenters  will  also  influence  results,  even 
in  so  slight  a  matter  as  the  thickness  of  the  test  blocks,  or  the  removal 
of  the  casting  skin,  or  in  the  depth  to  which  the  hole  is  drilled. 

Tests  in  which  only  point  dynamometers  were  used  have  yielded 
results  which  give  the  best  insight  into  the  matter  of  drill  design, 
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and  it  is  to  be  expected  that  the  intelligent  development  of  this 
method  will  give  further  useful  results.  When  this  method  of  1 
ing  is  combined  with  the  method  in  which  the  power  input  into  the 
drill-press  is  noted  and  records  are  kept  of  the  total  power  consump- 
tion, the  consumption  of  the  motor  and  press  running  idle  at  dif- 
ferent speeds,  and  the  power  consumed  in  useful  work  at  the  drill 
point,  the  analysis  of  the  entire  process  of  drilling  becomes  more 
nearly  complete. 

While  such  a  set-up  would  give  a  close  analysis  of  the  procc- 
of  drilling,  it  would  not  completely  investigate  the  effect  of  inc 
torque  and  thrust  on  the  power  consumed  by  the  drill-press,  as  tl 
two  quantities  tend  to  maintain  a  fixed  relation  to  each  other  and 
cannot  be  separated  without  difficulty.    For  an  investigation  solely  of 
the   drill-press   there   would  be   needed   an   apparatus   whereby    the 
torque  and  thrust  could  be  varied  independently  of  each  other  from 
zero  to  a  maximum.     For  the  torque  variation  it  might  be  possible 
to  fit  up  something  resembling  a  Prony  brake  on  the  drill  spindle, 
thus  varying  the  torque,  measuring  its  value  exactly,  and  showing  the 
power  absorbed  at  the  spindle,  while  electrical  readings  would  give 
the  total  power  input.    To  vary  the  thrust  it  would  be  desirable  that 
the  spindle  advance  as  in  actual  drilling;  so  some  system  would  be 
necessary  which  would  allow  for  this  feed  while  applying  a  steady 
thrust  of  known  value.    Possibly  this  could  be  done  by  allowing  the 
spindle  to  compress  a  series  of  springs  or  by  lifting  a  certain  wei| 
through  a  system  of  pulleys.    Such  an  apparatus,  correctly  and  care- 
fully designed,  would  allow  of  complete  drill-press  investigation,  for 
it  would  duplicate  the  forces  of  actual  drilling  and  keep  them  uni- 
form, separate,  and  completely  under  control. 

3G.     Tests  to  Determine  the  Composition  of  Drill    N 
to  determine  the  structure  and  composition  of  tie1  steel  of  which  drills 
are  made  occupy  an  important  place  in  the  commercial  world.    Every 
drill   manufacturer  maintains  a  laboratory  in  which  anah  the 

chemical  composition  of  the  steels  are  made  and  tie'  Btmcl 
material  determined  by  microscopie  examination 
and  breaks.    The  task  of  testing  certain  percentages  of  the  finis] 
drills,  driving  them  at  certain  speeds  and  feeds  through  a  uniform 
test  material,  and  judging  of  their  quality  by  the  Dumber  of  inc 
of  material  they  penetrate  before  they  become  too  dull  for  furtl 
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work  devolves  upon  the  laboratory  of  the  manufacturer.  Some 
manufacturers  also  use  a  form  of  point  dynamometer  to  get  more 
nearly  accurate  data  on  the  drill  performance.  It  has  been  found, 
however,  that  the  chemical  composition  of  the  steel  is  not  a  positive 
indication  as  to  its  fitness  for  drill  making.  Two  steels  exactly  alike 
in  composition  may  vary  widely  in  performance  when  made  into 
drills.  The  microscopic  examination  is  more  reliable  if  made  by  an 
expert.  Examination  of  the  break  in  steel  is  very  useful,  and  the 
sclerescope  test  gives  useful  indications,  but  the  ultimate  criterion 
seems  to  be  the  performance  of  the  drill  under  actual  working  con- 
ditions. 

37.  Tests  to  Determine  the  Influence  of  Drill  Form  on  the  Powef 
Required  and  on  Endurance. — Tests  to  determine  the  influence  of 
drill  form  on  the  power  required  and  on  endurance  include  a  study 
of  the  effects  of  the  helix  angle,  the  point  and  clearance  angles,  the 
shape  of  the  drill  flutes,  and  the  method  of  making  the  drill,  whether 
milled,  forged,  or  flat-twisted.  The  general  investigation  of  the 
forged,  milled,  and  twisted  drills  is  mainly  one  of  comparative 
strength;  so  the  method  of  endurance  testing  is  mostly  used.  Where 
the  effect  of  drill  form  upon  power  input  is  desired  the  use  of  meters 
is  employed.  Slight  variations  in  power  may  be  observed,  since  the 
flat-twist  drill  usually  puts  a  greater  load  on  the  drill-press  than 
other  types.  For  the  investigation  of  the  effects  of  the  angles  of 
grinding  upon  the  power  required  and  upon  endurance  some  form 
of  point  dynamometer  must  be  used.  It  will  be  seen,  therefore,  that 
each  method  of  drill  testing  has  some  particular  field,  depending  upon 
the  feature  of  drilling  that  is  to  be  dealt  with. 
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APPENDIX  V 

Experiments  on  Twist  Drills  by.  Other  [nvestigat 

38.     Tests  to  Determim    tJu    Power  Input  Required.  -The  d 

notable  scries  of  tests  on  drills  in  which  the  ical   power  input 

was  determined  was  that   conducted  by   II.   M.  Norris  of  the  Cincin- 
nati Biekford  Tool  Company,  Cincinnati.  Ohio.     In   1902,  when  tins 
concern  was  known  as  the  Biekford  Drill  ami  Tool  Company,  Norris 
first  began  his  tests,  and  his  most  recenl  contribution  was  in  Aug 
1914.     Most   of  thc^e  tests  have  been  reported   in  tl  rican  Ma- 

chinist and  are  noted  specifically  in  the  Bibliography,*  although  the 

most  recent  test  is  the  only  one  which  n 1  be  discussed  here,  it  being 

the  most  comprehensive  of  the  scries. 

Drilling  was  done  with  drills  of  from  one  to  three  inches  in 
diameter  in  steel  and  cast  iron.  Graphic  records  of  the  total  power 
input  were  obtained,  from  which  was  subtracted  the  power  con- 
sumption of  the  motor  at  different  speeds.  The  resultanl  power  was 
taken   ;is   representing  that   consumed   by  the  drill   and   drill-pn 

The  purp  us  to  have  1 n  to  establish  a  baa  comparing 

these  gross  values  with  the  net  values  obtained  by  a  previous  experi- 
menter, Dempster  Smith,  although  there  v.  >me  difficulties  to  be 
met  because  of  the  different  trains  of  gears  used  in  obtaining  different 
speeds.  The  essentia]  differences  of  results  are  slight,  however,  and 
the  work  of  Nbrris  may  be  taken  as  affording  a  very  practical  inl 
pretation  of  Smith's  results.     The  tests  of  Norris  also  p  the 

added   value  of  showing  the   important    losses  due  to   the   ose  of  back 

gears  and  of  Lrivin'_r  a  general  idea  of  the  -puss  power  □ Led  to  dr 

a  drill-press  in  an  average  machine  shop.     In  one  test   Norris  m 
a  power  Baving  of  about  twenty-three  per  cent  which  he  nay 

be  due  to  the  us.-  of  ball-thrust  bearings  behind  the  gears  of  one  ma- 
chine. His  conclusion  is  that  the  gross  power  absorbed  by  a  machine 
of  this  (radial)  type  driving  various  sized  drills  may  be  calculat 

fairly  exactly   from  the   formula: 

"■''■    ■['- ^G  br)      I 

in  which  "<■"  i>  a  constant   varying  with  drill  diameter  and   f 
and   obtainable   from   Nonas'    formulas    for  different  drills   and 
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for  different  materials,  "r"  is  the  number  of  revolutions  per  minute, 
and  lid"  is  the  drill  diameter.  This  formula  gives  powers  varying 
from  1.84  for  a  one-inch  drill  in  cast  iron  at  0.013  in.  per  rev.  feed 
and  229  r.  p.  m.  to  19.90  for  a  three-inch  drill  in  machinery  steel  at 
0.018  in.  per  rev.  feed  and  127  r.  p.  m. 

In  1909  some  tests  were  run  by  Baker  Brothers,  of  Toledo,  Ohio,* 
the  results  of  which  showed  the  power  consumption  of  motor,  press, 
and  drill  for  varying  feeds  and  speeds  in  steel.  Some  observations 
of  thrust  are  recorded,  although  no  mention  is  made  of  the  apparatus 
used  in  recording  them,  and  some  work  was  done  in  observing  the 
most  advantageous  speeds  of  the  drill  for  different  feeds.  The  con- 
clusions are  that  the  thrust  tends  to  increase  in  direct  ratio  with  the 
feed  per  revolution,  that  the  thrust  first  increases  and  then  decreases 
with  increasing  speed;  thus  the  conclusions  conform  with  the  ob- 
servation that  the  permissible  feed  is  higher  if  the  speed  is  increased 
beyond  300  r.  p.  m.  It  is  also  shown  that  the  total  power  increases 
in  a  decreasing  ratio  for  feeds  lower  than  0.010  in.  per  rev. ;  whereas 
with  heavier  feeds  the  tendency  seems  to  be  for  the  power  to  increase 
in  an  increasing  ratio  for  increasing  speed.  The  conclusion  is  that 
best  results  are  to  be  obtained  by  drilling  at  comparatively  high 
speeds  and  moderate  feeds. 

In  1910  the  American  Locomotive  Works  f  tested  three  radial 
drill-presses,  using  flat-twist  drills  from  one  inch  to  one  and  one-half 
inches  in  diameter  and  recording  only  the  total  power  input.  All 
drilling  was  done  in  hammered  steel  billets  of  about  0.70  carbon  con- 
tent, and  the  drills  driven  to  destruction  by  burning  or  breaking 
without  injuring  the  drill-press.  One  of  these  radial  drills  required 
an  average  of  about  14  h.  p.  to  remove  one  pound  of  metal  per  min- 
ute. Another  required  an  average  of  about  17  h.  p.  and  the  third  re- 
quired about  19  h.  p.  to  do  the  same  work.  The  first  press  reached  a 
maximum  h.  p.  of  38.3  while  driving  a  l^-nich  drill  at  300  r.  p.  m.  and 
0.0207  in.  per  rev.  feed.  The  second  press  reached  a  maximum  of 
57.6  h.  p.  while  driving  a  l^e-inch  drill  at  312  r.  p.  m.  and  0.0323 
in.  per  rev.  feed.  The  third  press  reached  a  maximum  of  67.3  h.  p. 
while  driving  a  lV^-mch  drill  at  284  r.  p.  m.  and  0.40  in.  per  rev. 

feed.    The  motor  was  rated  at  20  h.  p. 

The  general  conclusion  is  that  best  results  in  endurance  and 


*  Iron  Trade  Review,  Apr.  29,   1909,  p.  797. 

t  Bocorselski,   F.   E.,   American  Machinist,   Vol.   33,   Part  I,   p.   481. 
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power  in  steel,  with  high-speed  drills  of  the  flat  twist  type  may  be 
obtained  by  running  a  1-inch  drill  at  300  r.  p.  m.  and  0.01")  in.  per 
rev.  feed  and  a  l^-nich  drill  at  225  r.  p.  m.  and  0.02  in.  per  rev. 
feed.  For  lubricating  the  drills,  a  thin  cutting  compound  was  found 
superior  to  a  good  cutting  oil  containing  about  forty  per  cent  lard 
oil. 

In  1911  some  tests  were  run  by  E.  R.  Norris  of  the  Westinghouv 
Electric  and  Manufacturing  Company.  A  large  number  of  drills 
was  given  comparative  tests,  their  chemical  composition  having  been 
previously  determined.  They  were  given  power  tests  in  cast  iron 
and  steel  and  finally  tested  to  destruction  in  steel,  their  power  ef- 
ficiency and  endurance  efficiency  both  being  noted.  The  total  elec- 
trical power  was  noted,  and  from  this  was  subtracted  the  power  re- 
quired to  run  the  motor  and  press  idle  at  the  different  speeds.  This 
resultant  power  was  assumed  to  be  the  power  consumed  by  the  drill. 
In  addition  to  determining  the  most  efficient  drill  (for  both  power 
and  endurance)  the  tests  yielded  results  which  may  be  summarized 
as  follows:  More  power  is  needed  to  drive  flat  twist  drills  than  milled 
drills.  Milled  drills  fail  by  breaking  and  flat  twist  drills  by  burning. 
The  drill  endurance  is  affected  by  the  method  of  manufacture,  Bince 
forged  drills  stand  up  best.  In  steel  the  power  Increases  more  rapidly 
as  the  amount  of  metal  removed  per  minute  increases.     In  general, 

with  a  properly  constructed  machine  it  is  bettor  to  run  at  high  B] 1 

and  small  feed,  thereby  prolonging  the  life  of  the  drill,  as  the  total 
power  consumption  is  nearly  constant,  regardless  of  whether  heavy 
feed  and  low  speed  or  light  feed  and  high  Bpeed  are  used.  In  the 
first  case  the  drill  consumes  more  power  and  the  machine  less,  while 
in  the  second  case  the  drill  consumes  Less  power  and  the  machine 
more,  but  in  both  cases  the  power  consumed  and  the  work  done  are 
about  the  same. 

Other  experiments  have  been  made  t«>  determine  the  power 
quired  to  drive  certain  drill-presses  when  doing  work  at  various 
and  some  of  these  data  may  be  oseful  in  the  design  of  drill-presses 
or  in  determining  the  power  installation   required   in  shops.     The 
chief  value  of  this  method  of  testing  lies  in  the  disci  yarding 

drill  endurance.     They  show  that   production  is  generally  run  ' 
a  power  limit  rather  than  the  tool  limit,"  although  wit  often 

limitation   is   found  in  the  design  of  the  drill-pre  an   individual 

motor  drive  permits  carrying  a  great  overload  for  'he  short  I 

quired  to  drill  a  hole. 
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39.  Tests  Employing  Point  Dynamometers. — The  first  attempt 
to  determine  the  forces  at  the  drill  point  by  means  of  dynamometers 
was  made  by  Prof.  L.  P.  Breckenridge  of  Lehigh  University,*  in  1888. 
In  this  test  only  the  thrust  of  the  drill  was  determined.  The  dyna- 
mometer consisted  of  a  vertical  cylinder  closed  at  the  bottom  and  fitted 
with  a  ram  having  an  area  of  ten  square  inches.  On  this  ram  the 
work  to  be  drilled  was  mounted  and  the  thrust,  transmitted  to .  a 
liquid  in  the  cylinder,  was  recorded  by  a  pressure  gage  on  an  or- 
dinary steam  engine  indicator  card.  The  results  are  interesting  his- 
torically, and  this  type  of  apparatus  has  been  elaborated  by  later 
experimenters  who  have  studied  the  whole  question  of  thrust  varia- 
tion. 

The  next  experiments  of  any  note  in  which  a  point  dynamometer 
was  used  were  those  of  M.  Codron,  published  in  "  Bulletin  de  la  So- 
ciete  D 'Encouragement  pour  l'lndustrie  Nationale,  1903,"  and  also 
in  book  form  as  ' '  Experiences  sur  le  Travail  des  Machines  Outils 
pour  les  Metaux. "  These  experiments  constituted  a  complete  and 
careful  series,  but  since  no  full  translation  has  been  published 
in  English,  the  work  has,  in  this  country,  not  been  accorded  the  im- 
portance it  deserves.  The  apparatus  was  in  the  form  of  a  horizontal 
boring  mill,  with  the  drill  held  in  a  rotating  spindle  and  the  work 
held  on  a  circular  plate.  The  thrust  was  recorded  on  one  scale,  by  the 
compression  of  a  spring,  while  on  another  scale  the  depth  of  the 
hole  was  noted.  The  torque  was  transmitted  by  a  rope  couple  around 
the  circular  base-plate  and  recorded  on  two  dynamometers.  A  ball- 
bearing transmitted  the  thrust  without  affecting  the  torque.  The 
entire  process  of  drilling  a  hole  was  analysed  and  formulas  were  de- 
veloped for  the  coefficients  of  resistance  to  thrust  and  cutting 
pressures.  These  coefficients,  R  for  thrust  and  R'  for  torque,  were 
ultimately  expressed  in  actual  values  and  general  formulas  stated 
for  drilling  different  metals  as  follows: 

For  cast  iron,  R  =121    +K  t  tons  per  square  inch. 

R' =  103.5+ %t  tons  per  square  inch. 

For  tool  steel,  R  =254    +Vn  t  tons  per  square  inch. 

i2'  =  387    +%2t  tons  per  square  inch. 

For  hard  steel,  72=171    -\-1%5t  tons  per  square  inch. 

.ft' =  286    -\-Vit  tons  per  square  inch. 


*  Journal,    Lehigh    University    Eng.    Society,    1888. 
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In  which  /  is  the  feed  per  revolution  in  inches.     The  summary  of 

conclusions  states  that  a  drill  worked  well  with  an  included  point 
angle  varying  from  !»<)  to  ls<>  decrees,  although  the  thrust  in 
with  the  angle  and  the  torque  decreases.  The  power  variations  with 
increases  in  speed  and  feed  were  found  to  follow  a  "straight  Line" 
law,  and  the  torque  and  thrust  were  unaffected  by  variation  in  the 
speed  of  the  drill. 

In  America,  in  1904,  Bird  and  Fairfield,  of  the  Worcester  Poly- 
technic Institute*  conducted  a  series  of  tests  in  which  the  horizontal 
type  of  apparatus  was  used,  the  dynamometer  being  separate  from 
the  milling  machine  which  was  used  to  drive  the  drill.  All  experi- 
ments were  made  on  cast  iron  with  a  %-inch  drill.  Conclusions  v. 
reached  to  the  effect  that  the  torque  docs  not  increase  aS  rapidly  as 
the  feed,  while  the  thrust  increases  faster  than  the  feed:  and  that 
increasing  the  point  angle  results  in  a  rapid  increase  in  the  thrust,  hut 
does  not  appreciably  affect  the  torque  value.     The  torque  values  for 

drilling  brass,  tool  steel,  and  machine  steel  arc  given,  res] tively,  ;is 

0.715,  1.67,  and  2.44  times  that  required  to  drill  cast  iron.    The  cor- 
responding thrust   values  are  0.575,   1.7.  and  2.6. 

In  1907  a  scries  of  experiments  was  made  with  this  same  ap- 
paratus, slightly  modified  as  to  the  means  of  recording  torque,  by 
Prary  and  Adams  of  the  Worcester  Polytechnic  Institute.4  Tests 
were  made  with  drills  from  I  L.  to  7/s  inches  in  diameter  in  cast  iron. 
at  feeds  varying  from  0.0045  in.  per  rev.  to  0.0225  in.  per  rev.  In 
the  analysis  of  results  it  is  stated  that  the  thrust  increases  in  prac- 
tically a  direct  ratio  with  both  \'^*'<\  per  revolution  and  drill  diameter. 
Torque  increases  almost  proportionally  with  the  \'m\.  Thrust  A*'- 
creases  with  decreasing  point  angle  from  150  dej 
and  then  increases  with  further  angle  decrease.  The  minimum  torque 
was  given  by  a  point  angle  of  130  degn 

Probably  the  most  careful  and  comprehensive  tests  which  h, 
hem  conducted  on  twist  drills  were  those  by  Smith  and  Poliakoff  ;it 
the  Manchester  .Municipal  School  of  Technology,  .Manchester.   Eng- 
land.)     Drills    from    :;|    to   :|    inches    in    diameter    were    run    in    a 
medium,    and    hard    cast    iron    and    in    soft,    medium,    and    hard    steel 

under  varying  conditions  of  f 1.  speed,  point  angle,  lubrication,  i 
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Most  of  the  tests  were  run  at  ten  revolutions  per  minute,  and  the 
greatest  speed  used  was  about  130  r.  p.  m.  The  apparatus  used  con- 
sisted of  a  reconstructed  milling  machine  fitted  with  a  120  h.  p.  motor 
and  a  point  dynamometer.  A  speed  variation  of  5  to  150  r.  p.  m.  and 
a  feed  of  0.0025  in.  per  rev.  to  0.05  in.  per  rev.  were  possible.  The 
thrust  was  transmitted  through  a  thin  metallic  diaphragm  and  dis- 
tilled water  reservoir  to  a  carefully  calibrated  gage.  Torque  was 
measured  by  an  arm  bolted  to  the  ball-bearing  face  plate  to  which 
the  work  was  secured  and  by  an  accurate  platform  scale.  Every  part 
of  the  apparatus  was  carefully  made  and  calibrated,  all  observations 
were  as  accurate  as  possible,  and  the  whole  series  of  tests  was  con- 
ducted with  precision  and  care.  No  attempt  was  made  to  measure 
the  gross  power,  and  all  values  represented  the  net  effect  at  the  drill 
point.  Equations  to  cover  the  different  conditions  of  drilling  were 
developed.  The  experiments  were  run  in  two  series  and  the  results 
published.*  The  conclusions  as  stated  in  the  original  paper  are  as 
follows : 

Part  I 

(a)  The  net  horse-power  for  a  given  diameter  of  drill  and 
feed  is  proportional  to  the  revolutions  or  the  cutting  speed. 

(b)  The  net  horse-power  is  proportional  to  the  torque,  and 
for  a  given  drill  and  speed  does  not  increase  as  fast  as  the  feed. 

(c)  Since  the  torque  is  practically  proportional  to  the 
diameter  of  the  drill  squared,  the  horse-power  for  a  given  feed 
and  cutting  speed  is  directly  proportional  to  the  diameter  of 
the  drill  squared. 

(d)  The  net  horse-power  per  cubic  inch  of  metal  removed 
per  minute  is  inversely  proportional  to  the  feed  and  independent 
of  the  size  of  drill  and  cutting  speed. 

(e)  The  work  required  to  drill  a  given  hole,  when  one  drill 
only  is  used,  is  greater  than  that  required  to  drill  the  same  hole 
in  two  operations  with  drills  of  different  diameters.  The  greater 
the  difference  in  the  drill  diameters,  the  greater  is  the  saving  in 
work,  speed  and  feed  remaining  the  same  throughout.  This  is 
due  to  the  fact  that  the  mean  cutting  angle  of  the  single  drill 
is  greater  than  the  average  angle  in  use  for  the  two  drills,  and 
that  the  cutting  pressure  is  proportional  to  the  angle. 

(f)  With   twist   drills   having  the   usual   proportions,   the 
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cutting  angle  is  not  sufficiently  keen  to  drag  the  drill  into  the 
work  when  enlarging  a  hole  in  cast  iron  or  steel. 

Part  II 
Conclusions: 

(g)  Conclusion  (b)  confirmed.  The  net  horse-power  when 
operating  on  soft  cast  iron  or  medium  steel  varies  as  t° -7  for  a 
given  drill  and  speed. 

(h)  The  net  horse-power  for  a  given  feed  and  speed  does 
not  increase  as  fast  as  the  diameter  but  varies  as  d0-8. 

(i)  The  torque  and  horse-power  when  drilling  medium 
steel  is  about  2.1  times  that  required  to  drill  soft  cast  iron  with 
the  same  drill  speed  and  feed. 

(j)  The  net  horse-power  per  cubic  inch  of  metal  removal 
is  inversely  proportional  to  d0-2  t°-3  and  independent  of  the 
revolutions;    thus    the    net    horse-power    per     cubic     inch     of 

4X  2irNcdls t07  k 

metal  =  33000  XirdHN  =  ¥^  wheM  C  "*  *  *"  C0,,Sta,ltS- 

If  the  diameter  of  the  drill  remains  constant   and   feeds 
0.0025,  0.01,  and  0.04  inches  be  taken,  the  corresponding  hon 
power  will  be  in  the  order  of  1,  0.66,  and  0.435,  which  is  the 
ratio  of  the  cutting  pressures.     If  t  remains  constant  and  va! 
of  d  =  y2,  2  and  4  inches  be  taken,  then  the  horse-power  for 
each  successive  drill  will  be  in  the  order  of  1,  0.76,  and  0.66. 

(k)  The  net  power  required  to  enlarge  a  hole  may  be 
estimated   from   the  cutting  pressures    given    by    the    equation 

0  44 
/=    033    X  cntting  angle,  where  /  =  toni  ...  in.  for  c 

iron,  and  2.1  times  that  for  medium   ste.-l. 

(1)  In  a  two-lipped  drill  the  actual  depth  of  cut  taken  by 
each  lip  is  /  2;  in  a  three-lipped  drill  is  I  3  and  so  on. 

If  the  number  of  lips  is  increased  and  t  kept  the  same,  the 
cntting  pressure  is  equivalent  to  thai  for  a  proportionately  de- 
creased feed. 

If  the  lips  in  a  two-lipped  drill  are  unequally  ground,  so 
that  one  lip  does  all  the  work,  the  cutting  pressure  ia  the  same 
as  that  obtained  by  doubling  the  feed. 

By  gashing  the  cutting  Lips  of  a  two-lipped  drill  so  that  the 
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cut  taken  by  one  lip  is  the  metal  left  by  the  other,  the  cutting 
pressure  is  the  same  as  that  given  for  twice  the  feed. 

It  is  shown  that  the  finer  the  feed  the  greater  the  propor- 
tionate cutting  pressure,  and  consequently  the  greater  the  net 
horse-power  per  cubic  inch  of  metal  removed. 

(m)  The  end  thrust  when  operating  on  cast  iron  or  steel 
does  not  increase  in  proportion  to  the  feed  for  a  given  diameter 
of  drill  or  in  proportion  to  the  diameter  for  a  given  feed. 

(n)  Whilst  the  chisel  point  scarcely  affects  the  torque,  it 
is  responsible  for  about  twenty  per  cent  of  the  end  thrust.  (It 
should  be  noted  here  that  the  width  of  chisel  point  used  by  Smith 
was  only  half  the  web  thickness,  the  drills  having  been  point- 
thinned  for  all  these  tests.) 

(o)  The  lubricated  trials  on  steel  when  compared  with  the 
dry  tests  show  a  diminution  in  the  torque  and  net  horse-power, 
varying  from  28  per  cent  with  the  0.0025-inch  feed  to  8  per  cent 
with  the  0.0286-inch  feed.  This  may  be  due  to  the  lubricant 
washing  away  the  small  metal  chips,  which  tend  to  jam  between 
the  walls  of  the  hole  and  the  drill,  and  to  the  preserved  cut- 
ting edge.  The  diminished  frictional  resistance  of  the  shaving 
across  the  lip  together  with  the  lubricant  reduces  the  end  thrust 
by  about  25  per  cent  for  all  feeds.* 

(p)  The  drill  most  commonly  adopted  in  practice  has  an 
included  angle  at  the  point  of  120  degrees.  If  this  angle  is  in- 
creased, the  torque  diminishes  but  the  end  thrust  increases, 
whilst  if  this  angle  is  decreased  the  reverse  is  the  result.  So  far 
as  economy  in  power  is  concerned,  the  torque  is  the  factor  to  con- 
sider, as  the  feeding  horse-power  is  only  about  one  per  cent  of  the 
whole  in  small  drills  and  very  much  less  for  the  large  sizes.  From 
this  point  of  view  the  drill  with  the  larger  point  angle  is  to  be 
preferred.  The  accompanying  increased  end  thrust,  however, 
strains  the  machine  parts  in  proportion.  When  the  point  of  the 
drill  breaks  through  the  metal  at  the  bottom  of  the  hole,  a  con- 
siderable portion  of  the  end  load  is  removed.  The  strain  due  to 
the  load  is  partly  released,  thereby  causing  the  drill  to  advance 
more  than  its  rated  feed  and  possibly  break  the  drill.  The  drill 
with  the  greater  included  angle  will  be  most  likely  to  give  trouble 


one    to    fifty 


The    lubricant    was    a    mixture    of    turning    oil    and    water    in    the    proportions   of 
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in  this  direction,  both  on  account  of  the  increased  strain  and 
cut,  and  conversely. 

(q)  By  decreasing  the  helix  of  the  drill  a  keener  cutting 
angle  with  a  decreased  end  thrust  and  torque  can  be  obtained 
without  altering  the  point  angle  above  the  accepted  standard  of 
120  degrees.  This  would,  however,  affect  the  durability  of  the 
drill. 

(r)  With  a  small  included  point  angle  there  is  little  metal 
to  support  the  cutting  edge  of  the  drill  at  the  chisel  point,  and 
trouble  due  to  the  blunting  of  this  part  is  to  be  expected. 

(s)  In  estimating  the  time  required  to  drill  a  hole  of  given 
depth,  the  length  of  the  point  must  be  taken  into  account.  The 
length  of  the  point  for  different  point  angles  is : 

90  degrees  =  O.o  d 
120  degrees  =  0.29  d 
150  degrees  =  0.134  d 

The  discussion  following  the  presentation  of  the  paper  before 
the  Institution  of  Mechanical  Engineers  brought  out  much  interesting 
information  and  many  suggestions.     J.  T.  Nicholson  remarked  thai 

what  was  now  needed  was  an  investigation  for  gross  horse-power  and 
investigation  concerning  the  most  economieal  speeds  and  feeds  when 
the  durability  of  the  drill,  time  of  grinding,  and  gross  power  were 
all  considered. 

In  addition  to  the  point-dynamometer  experiments  noted  there 
have  been  minor  investigations  carried  on  by  different  manufacturing 
concerns.  A  point  dynamometer  was  used  by  Baker  Brothers  of 
Toledo  in  their  investigations,  and  in  1901  a  dynamometer  was  used 
by  the  Cleveland  Twist  Drill  Company  in  some  tests  of  their  drills 
for  the  determination  of  correct  flute  form.  The  apparatus  of  the 
Worcester  Polytechnic  Institute  lias  been  often  used  in  testing  for 
commercial  purposes. 
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TESTS  TO  DETERMINE  THE  RIGIDITY  OF  RIVETED 
JOINTS  OF  STEEL  STRUCTURES 


I.     Introduction 

1.  Object  of  Tests. — The  object  of  these  tests  was  to  determine 
the  rigidity  of  riveted  joints  which  connect  the  members  of  steel- 
framed  structures. 

If  the  geometrical  element  of  a  frame  is  a  triangle,  the  members 
may  be  joined  with  frictionless  hinges  and  the  frame  will  resist  ex- 
ternal forces.  If,  however,  the  geometrical  element  of  a  frame  is 
a  rectangle,  shear  in  the  frame  due  to  external  loads  produces  turning 
moments  on  the  connections,  and  in  order  to  prevent  the  frame  from 
collapsing  the  connection  must  be  designed  to  resist  moment.  The 
distribution  of  the  stresses  in  a  rectangular  frame  depends  upon  the 
rigidity  of  the  connections.  In  analyzing  the  stresses  in  such  a  frame 
it  is  customary  to  assume  that  the  connections  are  perfectly  rigid.  If 
the  connections  are  not  perfectly  rigid,  it  is  apparent  that  the  actual 
stress  may  not  be  equal  to  the  computed  stress.  In  addition  to  de- 
termining the  rigidity  of  riveted  connections,  analyses  have  been 
made  to  determine  the  effect  of  lack  of  rigidity  upon  the  distribution 
of  stresses  in  a  frame. 

Although  there  are  other  structures  in  which  the  rigidity  of 
the  connections  affects  the  distribution  of  the  stresses,  the  discussion 
in  this  bulletin  is  limited  to  a  discussion  of  the  effect  of  the  rigidity 

_B 


nM 


Fig.   1.     Diagram   of  Deformation   01     l; 
of  connections  upon  the  distribution  of  th<  in  a  rectangular 

frame  subjected  to  shear  I  Fig.  I).    The  mosi  important  azan 

this  type  of  frame  is  the  wind  brace  in  steel  skeleton  buildil 
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II.     Description  of  Tests 

3.  Description  of  Test  Pieces. — The  test  pieces  are  shown  in 
Figs.  2  to  7,  inclusive.  Two  pieces  of  each  type  were  used,  tests  on 
similar  pieces  being  made  simultaneously. 

In  selecting  the  test  pieces  it  was  the  aim  to  use  connections  of 
types  which  are  common  in  engineering  structures  and  which  resist 
loads  and  moments  by  methods  which  are  fundamentally  different. 
Test  pieces  Al  and  A2  are  types  of  connections  used  when  the  mo- 
ment to  be  resisted  is  large;  A\  is  a  type  used  when  the  moment  is 
comparatively  small  and  when  the  center  lines  of  the  columns  and 
girdles  do  not  intersect;  AS,  A'),  and  46  arc  designed  primarily  to 
resist  shear  and  are  not  intended  to  resist  moment.  For  all  sp 
mens  except  Al,  relative  rotation  between  the  columns  and  girders  can 
occur  by  virtue  of  the  deflection  of  a  comparatively  thin  member  in 
cross-bending.  In  the  case  of  A3,  for  example,  the  portion  of  the 
vertical  leg  of  the  top  Lug  angle  between  the  lower  rivet  and  the 
horizontal  leg  of  the  Lug  angle  acta  Bfl  a  cantilever,  and  by  bending 
the  vertical  Leg  the  angle  pulls  away  from  the  eolunUL  In  a  similar 
manner  for  A2,  .11,  .!•">,  and  A6t  bending  ol  the  outstanding 
the  connection  angles  permits  the  girden  its  relatively  to  the 
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columns.  The  connection  of  test  piece  Al  permits  rotation  of  the 
girder  relative  to  the  column  only  by  virtue  of  the  axial  strain  in  the 
metal  or  by  virtue  of  the  slip  of  the  rivets. 

Rivets  which  are  usually  driven  in  the  shop  were  driven  with 
a  press  riveter ;  rivets  which  are  usually  driven  in  the  field  were  driv- 
en with  an  air  gun.  Test  pieces  Al,  A2,  and  A3  were  fabricated  by 
the  American  Bridge  Company ;  test  pieces  A4,  A5,  and  A6  were  fab- 
ricated by  the  Burr  Company  of  Champaign,  Illinois.  The  I-beams 
of  A3  were  used  in  making  A4  and  A6,  and  the  girders  and  columns 
of  A2  were  used  in  making  A5.  The  rotation  of  the  girders  relative 
to  the  columns  in  A4,  A5,  and  A6  was  due  to  the  strain  in  the  con- 
nection angles,  and  these  connection  angles  had  not  been  previously 
stressed.  It  is  therefore  improbable  that  the  rotation  of  the  girders 
relative  to  the  columns  in  A4,  A5,  and  A6  was  affected  in  any  way  by 
the  fact  that  the  main  members  of  which  the  test  pieces  were  com- 
posed had  been  stressed  as  members  of  pieces  A2  and  A3. 

The  structural  details  of  the  girders  and  columns  of  the  test 
pieces  are  given  in  Table  1. 
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Table  1 
Properties  of  Columns  and  Girders 


Test 
Piece 

Column 

Girder 

For  Frame  15  Feet  High  and 
20    Feet    Wide.     K=~for 

Girder,    nK=-r-  for  Column 

Section 

/for 

Gross 

Section 

Section 

/for 

Gross 

Section 

nK  (for  col.) 

K  (for  girder) 

n 

Al 

1-Pl-  14x^ 
4  —  Ls  5x3x;Hs 

584 

l-PJ-24xH 
i-Ls  5xSxsA 

1966 

3.25 

8.20 

A 

A2 

Same  as  A 1 

584 

Same  as  A 1 

1966 

3.25 

8.20 

.4 

A3 

12"-/-31.5 

215.8 

12-1-31.5 

215.8 

1.20 

.90 

1.33 

A4 

12"  Flat-/- 31.5 

9.5 

12-/-31.5 

215.8 

.05 

.90 

.055 

A5 

Same  as  A 1 

584 

Same  as  A 1 

1966 

3.25 

8.20 

.4 

A6 

8"-H— 39       . 

139.5 

12-1-31.5 

215.8 

.78 

.90 

.86 

4.  Apparatus  and  Methods  of  Testing. — The  test  pieces  de- 
scribed were  tested  in  pairs  in  a  300,000-pound  Olsen  four-screw 
testing  machine.  Fig.  8  shows  the  arrangement  of  a  pair  of  test 
specimens,  and  Fig.  9  is  a  reproduction  of  a  photograph  of  a  pair  of 
test  specimens  in  the  machine.  The  column  of  each  test  specimen 
was  supported  by  a  half-round  piece  of  steel,  F  and  J,  (Fig.  8)  which 
in  turn  was  supported  by  the  table  of  the  testing  machine.  Tie  rods 
at  the  bottom  T,  T,  and  a  strut  at  the  top,  8,  S,  held  the  test  pieces 
in  the  position  shown.  Load  was  applied  by  the  cross-head  of  the 
testing  machine  through  rollers,  G  and  H,  to  the  ends  of  the  beams. 
The  half-round  bearings,  F  and  J,  the  knife-edge  ends  of  the  strut, 
8,  8,  the  flexibility  of  the  long,  slender  tie  rods,  T,  T,  and  the  rollers, 
G  and  H,  permitted  free  rotation  of  the  specimens  and  insured  an 
equal  distribution  of  load  between  the  two  specimens. 

The  strain  measurements  include  the  rotation  of  the  beam  relative 
to  the  column,  the  slip  of  rivets,  and  the  deformation  of  angles  used 
in  making  the  joint.  The  rotation  of  a  beam  with  respect  to  a  column 
was  measured  by  determining  for  one  or  more  points  the  change  of 
slope  of  the  beam  with  respect  to  the  column  and  then  comparing 
this  change  of  slope  with  the  change  in  slope  due  to  elastic  strain. 
The  apparatus  for  measuring  this  change  of  slope  is  shown  in  Fig. 
8.  The  arm,  OE,  is  rigidly  attached  at  O,  the  junction  of  the  axis 
of  the  beam  with  the  axis  of  the  column,  and  the  arm,  AD,  is  attached 


Fig.  '.'.    i  m.  Vik'.'.    o      r  .11    in    Ti  sting   m  u  i 
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rigidly  at  A,  some  point  on  the  neutral  axis  of  the  beam.  AD  and 
OE  are  equal  in  length.  If  no  rotation  of  A  with  respect  to  0  takes 
place,  the  ends  D  and  E  will  remain  a  constant  distance  apart,  but 
if  rotation  does  take  place,  the  change  of  distance  between  D  and  E 
will  be  a  measure  of  this  rotation,  and  if  the  magnitude  of  this  change 
of  distance  is  denoted  by  AS,  the  angle  of  rotation  is  denoted   by  6, 

\  A    Si 

and  the  length  of  arm  by  q,  then  tan0=»  -  — - 

I  Q 
The  motion  of  D  with  respect  to  E  is  measured  by  means  of  a 
micrometer  fastened  at  E.  This  micrometer  consists  of  a  drum  one 
inch  in  circumference  carrying  a  pointer  moving  over  a  dial.  Around 
the  drum  is  wound  a  No.  36  insulated  copper  wire  kept  taut  by  a 
weight  and  fastened  at  D.  The  motion  of  the  pointer  over  the  dial 
indicates  the  magnitude  of  movement  of  D  with  respect  to  E*  A 
similar  apparatus  is  used  to  measure  the  rotation  of  points  in  the 
column.  The  arms  carrying  the  dials  are  clamped  to  the  webs  of 
the  beams,  or  the  columns,  with  bolts  and  pipe  fittings  as  shown  in 
Fig.  8.  Slip  of  rivets,  change  of  form  of  connecting  angles,  and 
other  small  deformations  were  measured  by  means  of  strain  gages 
and  attached  micrometer  dials,  f  Figs.  10  to  15,  inclusive,  show  the 
location  of  the  instruments  for  measuring  changes  of  slope  on  the 
specimens. 


*  I  nr    a    more    detniled    description    of    the  wire  wound    dial    mJOTtmutt    s.  A.    8. 

T.     M.,     p.     607,     1907. 

rij.tion    of    tho    strain    gage    and    <1  fur    its    uae    see    "Tests    of    Re 

info'  Building*   bi  v.   of   111.,    Bug,    I  BvL  I 

aini  Proe.  A.  B.  T.  M  .  p,  1019,   i 
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III.    Discussion  of  Results 

5.  Definition  of  Slip. — It  is  customary  in  analyzing  the  stresses 
in  a  stiff  structure  to  assume  that  the  connections  are  perfectly  rigid. 
This  assumption  is  equivalent  to  saying  that  if  tangents  are  drawn 
to  the  elastic  curves  of  two  intersecting  members  at  the  point  where 
the  curves  intersect,  these  tangents  do  not  rotate  relatively  to  each 
other  when  the  connection  is  stressed.  If  the  tangents  to  the  elastic 
curves  at  their  point  of  intersection  rotate  relatively  to  each  other, 
the  connection  is  said  to  slip. 

It  is  also  customary  in  analyzing  the  stresses  in  a  stiff  structure 
to  consider  that  where  a  column  and  girder  intersect,  both  members 
maintain  a  constant  cross-section  up  to  the  point  of  intersection  of 
the  elastic  curves  of  the  members,  a  condition  impossible  to  obtain 
exactly,  except  for  members  having  a  width  of  zero. 

If  a  column  or  a  girder  is  subjected  to  flexure,  a  point  in  the 
elastic  curve  rotates  relatively  to  other  points  in  the  elastic  curve  by 
virtue  of  the  strain  in  the  material  even  if  the  material  is  continuous. 
For  this  reason,  when  the  connection  between  a  column  and  a  girder 
is  subjected  to  a  moment,  a  point  in  the  elastic  curve  of  the  column 
rotates  relatively  to  the  point  of  intersection  of  the  elastic  curves  of 
the  two  members.  Similarly  a  point  in  the  elastic  curve  of  a  girder 
rotates  relatively  to  the  point  of  intersection  of  the  elastic  curves  of 
the  two  members ;  therefore  the  rotation  of  a  point  in  the  elastic  curve 
of  the  girder  relative  to  a  point  in  the  elastic  curve  of  the  column 
may  be  due  partly  to  the  slip  in  the  joint  and  partly  to  the  strain  in 
the  material.  In  determining  the  slip  in  the  connections  from  the 
tests,  the  computed  rotation  of  a  point  in  the  girder  relative  to  a 
point  in  the  column  due  to  the  strain  in  the  material  was  subtracted 
from  the  measured  rotation  of  one  point  relative  to  the  other.  In 
computing  the  relative  rotation  of  the  two  points  due  to  the  strain 
of  the  material  both  members  were  considered  as  having  constant 
cross-sections  up  to  the  point  where  the  elastic  curves  of  the  two 
members  intersect ;  thus  what  is  really  obtained  in  the  analysis  is  not 
the  error  due  to  slip  alone  but  rather  the  combined  error  resulting 
from  two  assumptions,  one  that  the  connection  is  perfectly  rigid,  and 
the  other  that  both  members  maintain  a  constant  cross-section  up  to 
the  point  of  intersection  of  the  two  elastic  curves. 
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The  rotation  of  a  point  in  the  elastic  curve  of  a  member  relative 
to  another  point  in  the  elastic  curve  of  the  same  member  due  to  the 
strain  of  the  material  can  be  determined  from  the  following  propo- 
sition: For  a  member  in  flexure  the  change  in  slope  between  two 
points  in  the  elastic  curve  of  the  member  is  equal  to  the  area  of  the 
M 


EI 


diagram  for  the  portion  of  the  member  between  the  two  points. 


6.     The  Effect  of  the  Slip  in  Connections  upon  a  Rectangular 
Frame. — Fig.  16  represents  a  rectangular  frame  subjected  to  a  shear 


Fig.   16.     Diagram   of  Rectangular  Frame  with  Pin   Joi 


parallel  with  one  side  of  the  frame.  If  the  connections  at  the  corners 
of  the  frame  are  frictionless  hinges,  the  frame  will  collapse  as  shown 
by  the  dotted  lines.  If,  however,  the  connections  at  the  corners  are 
capable  of  resisting  a  moment,  the  frame  will  take  the  form  shown  in 
Pig.  1.  The  rigid  connections  between  the  vertical  ami  horizontal 
members  hold  the  ends  of  the  vertical  members  in  a  nearly  vertical 
position   and   thus   prevent    the   frame    from   collapsing. 

If  the  connections  at  the  corners  of  the  frame  represented  by 
Pig.  1  are  not  rigid  but  permit  the  vertical  members  to  rotate  slightly 
relatively  to  the  horizontal  members,  because  of  the  slip  in  the  con- 
nections, a  vertical  member  will  lie  deflected  from  a  vertical  through 
its  Lower  end  more  than  it*  the  connections  are  perfectly  rigid.  When 
all  the  connections  slip,  moreover,  by  the  Bame  angular  amount,  the 
stresses  in  the  frame  are  the  same  as  when  all  the  connections 
perfectly  rigid;9  but  if  the  angular  slip  is  greater  in  one  or  n 
connections  than  in  the  other  connections,  th<  in  the  frame 

*  >   •     page   80. 
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are  not  the  same  as  when  all  the  connections  are  perfectly  rigid,  that 
is,  slip  in  the  connections  of  a  rectangular  frame  increases  the  de- 
flection of  the  frame  and,  unless  all  connections  slip  by  the  same 
amount,  makes  the  stresses  in  the  frame  different  from  the  stresses 
in  a  similar  frame  having  rigid  connections. 

7.  Method  of  Determining  the  Magnitude  of  the  Change  in  the 
Deflection  and  in  the  Distribution  of  the  Stresses  in  a  Rectangular 
Frame  Due  to  Slip  in  the  Connections. — In  order  to  determine  the 
magnitude  of  the  change  in  the  deflection  and  in  the  distribution  of 
the  stresses  in  a  rectangular  frame  due  to  slip  in  the  connections,  the 
following  formulas  are  derived : 

Let 

MAB  —  moment  at  A  in  member  AB.- 

dA  =  change  in  slope  of  the  elastic  curve  of  the  member 

at  the  point  A. 
6B  =  change  in  slope  of  the  elastic  curve  of  the  member 

at  the  point  B. 

«=T 

d  =  deflection  of  one  end  of  the  member  relative  to  the 
other  end,  measured  in  a  direction  normal  to  the 
original  position  of  the  member. 

I     =  length  of  the  member  in  inches. 

E  =  modulus  of  elasticity  of  the  material. 

T^        I      moment  of  inertia    „      n  . 

K  =  -j-  = - tor  the  member. 

I  length 

It  has  been  proved  that  the  moment  at  the  end  A  of  the  member 

AB,  Fig.  1,  is  given  by  the  equation  * 

MAB=2EK  (2dA+dB—3R)  .  .  .  .  (1) 
The  moment  at  the  end  of  a  member  may  be  expressed  in  terms  of 
the  changes  in  the  slopes  of  the  ends  of  the  member  and  the  deflection 
of  one  end  of  the  member  relative  to  the  other  end. 

If  the  frame  has  perfectly  rigid  connections,  and  -=■  for  A  B  and 

I 

C  D  is  represented  by  K,  and  j  for  A  D  and  B  C  by  nK,  then,  from 

equation  (1) 


*See    "Wind    Stresses    in    the    Steel    Frames    of    Office    Buildings,"    Univ.    of    111.    Eng. 
Exp.   Sta.,    Bui.    80,    Equation   A,   p.    13,    1915. 
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MAB  =  2  E  K       2  9A  +  eB  —  (SR  =  0)  .     .  (2) 

MAD  =  2  E  nK  I    3(9.,  +  8U  —  SR  ] (3) 

Mh,     =2  E  K        20D  +  0c-      3JB    .0  .      .  (4) 

AfDil  =  2  £  nX  I    2du  +  ^  —  3fi] (5) 

The  point  A  is  in  equilibrium ;  therefore  MAB  -f  ^ad  =  0, 
and  likewise  M DA  -f  MDC  =  0.  Since  the  frame  is  symmetrical 
about  a  vertical  center  line,  the  sum  of  the  moments  at  the  top  and 
at  the  bottom  of  AD  is  equal  to  one-half  of  the  shear  in  the  frame 
multiplied  by  the  height  of  the  frame,  that  is, 

MAD+  MDA  +  ™  =  0 (6) 

Equating  the  right  hand  members  of  equations  (2)  and    3 

2M1  +  n)  +  Bb  +  n9D—3nR  =  0 (7) 

Likewise  from  equations    (4)   and   (5) 

2  0D{l  +  n)  +6C  +  ndA  —  SnR  =  0 (8) 

Prom  the  conditions  assumed,  6B  =  6A  and  6C  =  0D. 

Substituting  these  values  of  0H  and  dc  in  equations  (7)  and 
(8)  gives. 

0A(3+2n)  +  n0D  —  3nR  =  Q (9) 

nBA  +  $D(Z  +  2n)  —  SnR      0 (10) 

Substituting  the  values  of  MAD  and  MDA  from  equatioi  ind 

">    in  equal  ion  (6)  gives 

•-+».-*  —     k     WKK        (11 


Solving  equations    (9),  (10  .  and    til     for   oA,  dD,  and  S  gives 

I    rh 

24    EK 

1     Ph 

24    EK 

1    Ph  1 

R  = (1  +  — )   •     • (M 

24    EK  n 


eA  = 

eD=  ±  ',:: la 
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Substituting  these  values  of  0A,  BD}  and  R  in  equations  (2)  and 
(4)  gives 

MAB  =  l/4:    Ph (15) 

MDC  =  l/±   Ph (16) 

Assuming  that  each  member  maintains  a  constant  section  up 
to  the  neutral  axis  of  the  member  which  it  intersects,  equations  (14), 
(15),  and  (16)  give  the  deflection  and  the  moments  in  the  frame 
when  the  connections  are  perfectly  rigid. 


Fig   17.    Diagram  of  Kectangular  Frame  with   Slip  at  Joints 

Consider  now  a  rectangular  frame  having  connections  which 
slip.  Such  a  frame  is  represented  by  Fig.  17.  The  changes  in  the 
slopes  at  the  ends  of  the  member  AB  are  represented  by  0A  at  A 
and  6B  at  B;  likewise  for  the  member  CD  the  change  in  slope  at  C 
is  represented  by  6C  and  at  D  by  6D,  for  the  member  AD  the 
change  in  slope  at  A  is  represented  by  BE  and  at  D  by  6H,  and  for 
the  member  BC  the  change  of  slope  at  B  is  represented  by  8F  and 
at  C  by  6G,  that  is,  the  angular  slip  at  A  equalt  BE  —  6A,  the  an- 
gular slip  at  B  equals  9P  —  6B,  the  angular  slip  at  C  equals  80 
—  6C,  and  the  angular  slip  at  D  equals  6H  —  6D. 

Represent-y  f or  AB  and  CD  by  K,  and-^for  AD  and  BC  by  nK. 

Applying  equation  (1),*  equating  the  sum  of  the  moments  at  each 
of  the  points  A,  B,  C,  and  D  to  zero,  and  equating  the  sums  of  the 
moments  at  the  ends  of  the  two  members  AD  and  BC  to  zero  gives 


'The  presence  of  slip  does  not  invalidate  equation    (1). 


THE    RIGIDITY    OF    RIVETED    JOINTS    OP    STEEL    STRUCTURES  29 

2EK  (2dA  +   &B)  +2EnK  (2dE  +   BH  —  SR)  =  0  .  .  (17) 

2EK  (20*  +  eA  )  +2EnK  (2dF  +  dG  —  3R)  =  0  .  .  (18) 

2EK  (20c  +    0D)  +2EnK(20o+  BF—3R)=0  .  .  (19) 

2EK  (2dD   +    0C  )  +  2  tfnX  (2  0*  +  0*  —  3fl)  =  0  .  .  (20) 

2  EnK  {26E  +  BH  —  3R  +  26H    +  dE  —  '3R   +  20,  +  0O 
—  3/2+  20G  +  0,  —  3/0  +  Ph  =  0 (21) 

Letting  A  represent  the  quantity,  slip  at  A  divided  by  R,  and 
letting  B,  C,  and  D  represent  the  corresponding  quantities  at  the 
points  B,  C,  and  D,  respectively,  gives 

A~  4f   - 

B  = 


Be 
R 

eA 

R 

0F 

R 

R 

So 

R 

Be 
R 

0E 

R 

BD 
R 

°   -     R 

D-Z  - 

Substituting  the  values  of  &E,  BF)  BG,  and  6U  from  these  equations 
in  the  preceding  equations  gives 

^    (1  +n)  +  °£  +  ^  =  n  &-2A-D)  .  .  (22) 

^  (1  +  »)  +  £.+  *j±  -»(3-2B-D)  .  .  (J 

^  (1 +  „)+£.+?£.  =»(3-2C-B)  .  .  C-M 

(l  +  »)+|.+^t  -„(3_2D  -.1)  .  .  26 


2EnKR  = 


#     '      '       '    '    It     '     R 

1/3  rh 


9£+$i+'i+i+*--U  +  B  +  C  +  D). 


These  five  equations  contain  four  unknown  angles  and  one  un- 
known deflection.    Solving  these  equations  and  substituting  the  val 
for  the  o 's  and  /.'  in  the  expressions  for  the  moments  irives 
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--  1  Ph 

MAD=  — 


3    4-(A+£+C  +  D) 
n2(6A+W-9)  +n(16A+5JB+4C+5D— 30)  +  (6A+3D-9) 


(n+3)     (3n+l) 


(27) 


,f  1  P/i 

MDA  =  — 


3    4-(A+£+C+D) 

n2(6£+3C-9)+n(16D+5C+4£+5A-30)+(6£>+3A-9) 

(n+3)     (3n+l) 

1  P/i 


(28) 


MBC  = 

(n+3)     (3n+l) 


3     4-(A+£+C+D) 

[n2(6B+3A-9)+n(165+5A+4D+5C-30)  +  (6B+3C-9)| 

(n+3)     (3n+l)  J  ( 

1  Ph 


] 


5     4—  {A-\-J3-\-U-\-L>) 

(30) 


[  (n+3)     (3n+l) 

The   values   of  6A,  6B,   dc,    and   0D,    determined .  from   equations 
R    R     R  R 

(22)  to  (25)  substituted  in  equation  (26)  give 

R=j  (RA+RB+RC+RD)+^Ph-$2^      .      .     (31) 

In  this  equation  RA,  RB,  RC,  and  RD  represent  the  slips  in  the  con- 
nections at  A,  B,  C,  and  D,  respectively.  If  the  slips  are  measured, 
R  can  be  computed  from  equation  (31).  Knowing  R  and  the  slip, 
the  values  of  A,  B,  C,  and  D  can  be  computed.  Substituting  the 
values  of  A,  B,  C,  and  D  in  equations  (11)  to  (14),  inclusive,  the 
moments  in  a  frame  having  connections  which  are  not  rigid  can  be 
determined. 

A  comparison  of  the  moments  given  by  equations  (27)  to  (30) 
with  the  moments  in  a  similar  frame  having  rigid  connections,  de- 
termined by  equations  (15)  and  (16),  will  give  the  changes  in  the 
moments  due  to  the  slip  in  the  connections.  A  comparison  of  the  de- 
flection  of  the  frame,  as  given  by  equation  (31),  with  the  deflection 
in  a  similar  frame  having  rigid  connections,  as  given  by  equation 
(14),  will  give  the  change  in  the  deflection  due  to  the  slip  in  the 
connections. 
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If  A,  B,  C,  and  D  of  equations  (27)  to  (30),  inclusive,  are  equal 
to  each  other,  that  is,  if  the  slips  in  all  the  connections  of  the  rec- 
tangular frame  represented  by  Pig.  17. are  equal,  equations  (27)  to 
(30)  reduce  to  the  following  forms: 

MAD  =  l/4  Ph (27a) 

MDA  =  l/4Ph (28a) 

MRC=\/±Ph (29a) 

Mcb  =  l/4Pa (30a) 

These  moments  are  the  same  as  the  mourn*-  given  by  equations 

l."»     and   (16). 

Thai  is,  if  the  slips  in  all  the  connections  of  the  rectangular 
frame  Bhown  in  Pig.  17  are  equal,  the  stresses  in  the  frame  arc  the 
same  as  they  are  in  a  similar  frame  having  connections  which  are  per- 
fectly rigid. 

8.  Graphic   Records. — The  quantities    measured    in    the    b 
arc  recorded  graphically  in  Pigs.  20  to  25.    In  these  diagrams,  mi 
nred  quantities  are  represented  by  full  lines,  and  computed  quan- 
tities by  broken  lines. 

9.  8trength  of  Test  Pieces.  -An  engineer  is  interested  in  the 
rigidity  of  8  connection  at  usual  working  stresses  or  at  stresses 
slightly  higher.  In  computing  the  allowable  working  loads  upon 
the  teal  pieces  the  following  anil  stresses  were  used: 

Axial  bending  Btrese  .  .  .  16,000  pounds  per  square  inch. 
Sh.ar  on  rivets  ....  12,000  pounds  per  square  inch. 
Bearing  on  rivets.     .     .         24,000  pounds  per  square  inch. 

The  computed  working  loads  are  given  in  Column  3  of  Tabl< 
Methods  of  computing  the  working  loads  on  connections  of  the  types 
need  in  the  test   pieces  have  not   been  standardised.     The  meth 
used  m  computing  the  working  loads  given  in  Table  2  are  as  follows 
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Table  2 
Loads  on  Test  Pieces 


Test 
Piece 

Load  at 
Failure 
on  One 
Girder 
Lb. 

Working 
Load 
Lb.l 

1.5  Times 

Working 

Load 

Lb.2 

Load  at 

Failure 

Divided 

by  Working 

Load 

Moment 

on 

Connection 

at  Failure 

In.     Lb. 

Manner  of  Failure 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Al 

44,450 

17,500 

26,250 

2.54 

5,334,000 

Column  buckled 

A2 

37,500 

18,540 

27,800 

2.02 

4,500,000 

Gusset  plate  buckled 

A3 

10,250 

3,030 

4,545 

3.38 

537,000 

Lug  angle  opened 

.44 

13,550 

5,000 

7,500 

2.71 

570,000 

Column    buckled    and 
angle  opened 

A5 

19,000 

3,400 

5,100 

5.59 

1,860,000 

Connection     angle 

opened.  Rivet  failed 

in  tension 

46 

11,250 

2,750 

4,125 

4.10 

506,000 

Connection    angles 
opened 

1  Based  upon  the  following  unit  stresses: 

Axial    bending    stress,  16,000    lb;,   per   sq.    in. 

Shear   on    rivets,  12,000     "        "      "      " 

Bearing,    Rivets,  24,000     "        "      "      " 

2  Corresponding   to   allowable   working   stresses   for   wind  loads. 


Al. — The  strength  of  the  connection  of  test  piece  Al  to  resist 
moment  is  considered  to  be  the  moment  of  a  couple  composed  of  two 
horizontal  forces,  one  force  is  applied  at  the  centroid  of  each  flange ; 
the  magnitude  of  each  force  is  the  working  strength  in  bearing  of 
the  eleven  rivets  connecting  each  flange  of  the  girder  to  the  gusset 
plate.  The  working  load  on  the  girder  is  the  load  which  applied  at 
the  outer  end  of  the  girder  produces  the  given  moment  on  a  vertical 
section  through  the  outer  row  of  rivets  in  the  gusset  plate.  The 
vertical  shear  is  considered  to  be  taken  by  the  vertical  splice  plates 
connecting  the  girder  web  to  the  gusset  plate. 

A2.— The  working  load  for  test  piece  A2  was  determined  in  the 
same  manner  as  for  test  piece  Al. 

AS.— The  strength  of  the  connection  of  test  piece  AS  to  resist 
moment  is  considered  to  be  the  moment  of  a  couple  composed  of  two 
horizontal  forces ;  one  force  is  applied  at  the  top  surface  of  the  girder 
and  the  other  at  the  bottom  surface  of  the  girder.  The  magnitude 
of  each  force  is  the  working  strength  in  shear  of  the  two  rivets  con- 
necting the  lug  angle  to  the  girder.     The  working  load  on  the  girder 
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is  the  load  which  applied  at  the  outer  end  of  the  girder  produces  the 
given  moment  on  a  vertical  section  through  the  rivets  connecting 
the  lug  angles  to  the  girder. 

A4. — The  strength  of  the  connection  of  test  piece  A\  to  resist 
moment  is  determined  by  the  same  method  as  for  test  piece  ^4.3.  The 
working  load  on  the  girder  is  the  load  which  applied  at  the  outer  end 
of  the  girder  produces  the  given  moment  on  a  vertical  section  through 
the  middle  rivet  connecting  the  lug  angle  to  the  girder. 

A5. — If  the  strength  of  the  connection  of  test  piece  A5  to  resist 
moment  is  regarded  as  determined  by  the  strength  to  resist  moment 
of  the  rivets  attaching  the  connection  angles  to  the  girder,  if  the 
outer  rivet  at  each  end  of  the  connection  angles  is  considered  to  be 
in  double  shear,  if  the  strength  of  the  intermediate  rivets  is  con- 
sidered as  determined  by  bearing  on  the  web  plate  of  the  girder,  re- 
duced one-third  for  the  loose  fill,  and  if  the  stress  in  the  rivets  varies 
as  the  distance  from  the  center  of  gravity  of  all  the  rivets,  the  work- 
ing load  on  the  girder  is  the  load  which  applied  at  the  outer  end  of 
the  girder  produces  the  given  moment  on  a  vertical  section  through 
the  rivets  attaching  the  connection  angles  to  the  girder.  The  vertical 
stress  upon  the  rivets  is  neglected. 

A6. — Consider  the  strength  of  the  connection  of  test  piece  J.6  to 
resist  moment  to  be  determined  by  the  strength  of  the  rivets  attach- 
ing the  connection  angles  to  the  girder  web,  consider  the  stress  on 
each  rivet  due  to  moment  to  vary  as  the  distance  from  that  rivet  to 
the  center  of  gravity  of  all  the  rivets,  and  consider  the  vertical  si 
to  be  evenly  distributed  over  all  the  rivets.  The  working  load  upon 
the  girder  is  the  load  which  applied  at  the  outer  end  of  the  girder 
produces  on  a  vertical  section  through  the  center  of  <_rravity  of  the 
rivets  attaching  the  connection  angles  to  the  girder  web  a  i 
equal  to  the  resisting  moments  of  the  rivets. 

The  unit  stresses  which  have  1 d  osed  in  determining  the  work- 
ing loads  on  the  girders  as  given  in  Column  3  of  Table  2  are  the 
Usual  allowable  working  StT due  to  dead  and  to  live  loads.     This 

type  of  connections  for  the  tesl   pi a  is  used  largely  for  building 

frames  in  which  the  bending  Btr<  re  due  to  wind   loads.     When 

wind  load  Btn  re  combined  with  dead  and  live  load  BtreSfl 

allowable  working  stresses  are  usually  fifty  per  cent  r  than 

the  allowable  working  nUouaou  for  dead  and  live  loads  alone,  in  dis- 
eilSSing  the  results  of  the  tests,  loads  one  and  one  half  times  the  work- 
ing  loads   for  dead   and    live   loads   alone,   corresponding   to   wind    ! 
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working  stresses,  are  used.  These  loads  are  given  in  Column  4  of 
Table  2. 

10.  Interpretation  of  Results. — For  the  curves  of  Figs.  20  to  25, 
the  relation  of  the  deviation  of  the  full  lines  from  the  dotted  lines 
to  the  deviation  of  the  dotted  lines  from  the  vertical  axis,  that  is,  the 
relation  of  the  slip  to  the  elastic  strain,  is  meaningless  inasmuch  as 
the  direction  of  the  dotted  line,  or  the  magnitude  of  the  elastic  strain, 
is  dependent  upon  the  distances  of  the  points  A,  B,  and  C  from  0, 
Fig.  8.  In  order  to  determine  the  practical  significance  of  the  slip 
in  the  analysis  of  the  wind  stresses  in  the  frame  of  an  office  building, 
the  deflection  and  the  stresses  in  a  rectangular  frame  were  computed 
for  the  case  in  which  the  connections  are  assumed  to  be  perfectly 
rigid  and  for  the  case  in  which  the  connections  slip  by  the  amounts 
determined  in  the  test. 

The  change  in  the  deflection  and  the  change  in  the  distribution 

of  the  moments  in  a  frame  due  to  slip  depend  upon  the  —  of  the  mem- 

V 

bers  of  the  frame,  that  is,  they  depend  upon  the  lengths  as  well  as 
upon  the  sections  of  the  members.  In  the  discussion  of  the  effect  of  slip, 
a  frame  fifteen  feet  high  and  twenty  feet  long  is  considered.  This  frame 
corresponds  to  average  practice  in  office  building  construction. 

The  effect  of  slip  upon  the  distribution  of  stresses  in  a  rectan- 
gular frame  depends  upon  differences  in  the  slips  rather  than  upon 
the  slips  themselves.  If  more  specimens  had  been  tested,  it  is  prob- 
able that  greater  differences  might  have  been  found  in  slips  than 
in  the  slips  obtained  from  the  two  specimens  of  each  type  tested. 
This  fact  must  be  kept  in  mind  in  considering  the  interpretation  of 
the  results. 

Two  methods  have  been  used  in  interpreting  the  results  of  the 
tests.  In  Sections  11  to  16,  the  stresses  were  determined  in  a  rec- 
tangular frame  for  which  the  slips  in  the  connections  were  taken 
equal  to  the  slips  corresponding  to  the  loads  given  in  Column  4  of 
Table  2,  as  measured  in  the  tests.  In  Section  17  the  stresses  were 
determined  in  a  rectangular  frame  for  which  the  slips  in  two  con- 
nections were  taken  equal  to  the  maximum  slip  corresponding  to  the 
Loads  given  in  Column  4  of  Table  2  as  measured,  and  the  slips  in  the 
other  two  connections  were  taken  equal  to  one-half  of  the  maximum 
slip.  In  other  words,  Hie  differences  in  the  slips  were  taken  equal  to 
one-half  of  the  maximum  measured  slip. 
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The  interpretation  of  the  results  in  Sections  11  to  17.  inclusive, 
are  therefore  based  upon  arbitrarily  fixed  conditions,  and  thai  fad 
must  he  kept  in  mind  in  considering  the  interpretations  presented. 

11.  Test  J'i(<-<  A\.  The  angular  strains  for  test  piece  A\  are 
shown  graphically  in. Fig.  20.  The  strain  measured  by  dial  UNS 
should  equal  the  sum  of  the  strains  measured  by  dials  A  4  and  01. 
A  similar  relation  exists  between  the  strains  measured  by  dials  LNS, 
A'4,  and  LN1 ;  US8,  84,  an. I  TNI:  and  LS8,  84,  and  LSI.  Tl 
quantities  which  should  he  equal  are  approximately  equal,  indicating 
that  the  angular  strains  as  measured  are  at  least  reasonably  accurate. 
The  fact  that  the  observed  quantities  for  UN8,  LNS,  US8,  and  LSS 
are  on  smooth  curves  and  the  fact  that  the  curves  are  so  nearly  alike 
are  additional  reasons  for  believing  that  the  angular  strains  meas- 
ured by  these  dials  are  reasonably  accurate.  The  discussion  which 
follows  is  based  upon  the  angular  strains  as  measured  by  dials  UNS, 
LN8,  US8,  and  LSS. 

In  Fig.  20,  comparing  the  full  line  curves  with  the  broken-line 
curves,  it  is  apparent  that  for  small  loads  the  angular  Btrain  of  C 
and  B  relative  to  A  (Fig.  8).  as  measured  and  as  computed,  agree 
viTv  closely,  but  that  as  the  load  increases,  the  difference  between 
the  measured  and  the  computed  strains  increases  very  rapidly. 

If  the  slip  corresponds  to  a  load  one  and  one-half  times  the  usual 
working  dead  and  live  loads,  the  load,  as  given  in  Column  4  of  Table 
2,  is  26,250  pounds.  Reading  from  the  curves  of  Pig.  -<•.  the  slip 
measured  in  radians,  that  is.  the  quantities  represented  by  the  hori- 
zontal distances  between  the  full  lines  and  the  broken  lines,  CO! 
sponding  to  a  load  of  26,250  pounds  are  .0010  tor  UN8,  <"ii:;  for  LN8t 
and  .0025  for  US8  and  LS8.  The  properties  of  the  columns  and 
girders  are  given  in  Table  1. 

A  load  of  26,250  pounds  on  the  end  of  a  girder,  as  tested,  pro- 
duces a  moment  of  3,150,000  inch  pounds  on  the  connection  between 
the  column  and   the  girder.     With   a    rectangular   frame  subjected 

to  a   shear  as  shown    in    Pig,    ],    if   the   moment    on   each   connection    i^ 

3,150,000  inch  pounds,  since  the  total  Bhear  <>n  the  frame  times  the 
height  of  the  frame  equals  the  Bum  of  the  momenta  on  all  four  con 
nections.  n,       1x3,150,000       L2,600,000   inch-pounds. 

Prom  the  tests  the  slips  in  the  connections  due  to  a  load  upon  the 
girder  of  26,250  pounds  as  measured  by  dials  UN8,  LJV8,  /  88,  and 
LS8  and  as  given  previously  are  .0010,  .0013,  .0025,  and  .0025.    These 
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quantities  correspond  to   RA,  BB,  BG,   and  BD   of  equation  (31). 
From  Table  1: 
K  —  8.2 
nK  =  3.25 

n  =  .4 

E  =  1/4  [. 0073  +  .0302       =  .009375. 

d  =  180  X  .009375  =  1.688  inches,  horizontal  deflection  of 
the  top  of  the  frame  relative  to  the  bottom. 
If  all  the  connections  are  perfectly  rigid, 

B  =  1/4  X  .0302  —  .0075,  and 

d  =  180  X  -0075  —  1.35  inches. 
The  increase  in  the  deflection  of  the  columns  from  the  vertical 
due  to  the  slip  is  therefore  1.688  — 1.350  =  .338  inches,  or  25  per 
cent. 

Referring  to  Equation  (31),  d,  the  horizontal  deflection  of  the 
frame  which  equals  B  X  h  is  made  up  of  two  quantities,  one  quantity 
contains  the  slip  in  the  connections  and  the  other  quantity  contains 
n  and  K.  The  first  quantity  is  the  deflection  due  to  slip ;  the  second 
quantity  is  the  deflection  due  to  the  elastic  strain  of  the  material.  The 
first  quantity  is  independent  of  the  sections  of  the  members ;  the  sec- 
ond quantity  decreases  as  both  n  and  K  increase.  The  actual  deflection 
of  a  frame  due  to  slip  in  the  connections  is,  therefore,  independent  of 
the  K's  of  the  members,  but  the  ratio  of  the  deflection  due  to  slip  in 
the  connections  to  the  deflection  due  to  the  elastic  strain  of  the  ma- 
terial increases  as  the  K's  of  the  members  increase. 

If  the  slips  in  all  the  connections  are  equal,  the  distribution  of 
the  stresses  is  the  same  as  if  the  connections  were  perfectly  rigid.* 
If  the  slips  in  the  connections  are  not  equal,  the  effect  of  the  slip 
upon  the  distribution  of  the  moments  depends  upon  the  location  of 
the  connections  at  which  the  different  slips  occur.  The  three  follow- 
ing distributions  of  the  slips  have  been  considered: 

Case  I 

BA  =  .0025,  slip  at  A  in  radians 

BB  =  .0025,  slip  at  B  in  radians 

RC  =  .0010,  slip  at  C  in  radians 

BD  =  .0013,  slip  at  D  in  radians 

*  See   page   30. 
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Case  II 

I!  A  =  .0025,  slip  at  A  in  radians 

RB  =  .0010,  slip  at  B  in  radians 

RC  =  .0025,  slip  at  C  in  radians. 

RD  =  .0013,  slip  at  D  in  radians 

Case  III 

RA  =  .0025,  slip  at  A  in  radians 

RB  =  .0010,  slip  at  B  in  radians 

RC  =  .0013,  slip  at  C  in  radians 

#Z>  =  .0025,  slip  at  D  in  radians 

For  Case  I  the  large  slips  occur  at  the  tops  of  the  columns,  for 
36  II  one  large  slip  occurs  at  the  top  of  one  column,  and  the  other 
large  slip  occurs  at  the  bottom  of  the  other  column,  and  for  Case 
III  one  large  slip  occurs  at  the  top  of  one  column,  and  the  other  large 
slip  at  the  bottom  of  the  same  column.  The  moments  M AD,  MDAt 
MBC,  and  MCB,  as  given  by  equations  (27)  to  (30),  are  given  in 
Table  3. 


Table  3 

kct  of   Slip  em   Connections  of  A\   upon   Distribution   of  Moments   in 

0TAN6UL  ME 

ml 


K  -8.2.  n  -.4     (See  Table  2) 

ient 

U.1D -3,030.000  in.  lb. 

— 3> 

Ml).\   -.{.L'Jo.oOOin.  Ih. 

+3.0  prr 

U//C-3,05O,O<K)  in.  Ih. 

— 3 .' 

A/Cfl -3.300,000  in.  lb. 

+4.6 
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Table  3   (Continued) 

Case  II 


K  =  8.2,  n  =    4            (See  Table  2) 

Moment 

Error1 

^AZ)  =3,050,000  in.  lb. 

— 3.2  per  cent 

MDA  =3,225,000  in.  lb. 

+2.0  per  cent 

MBC  =3,275,000  in.  lb. 

4-4.0  per  cent 

MCB  =3,060,000  in.  lb. 

— 3.0  per  cent 

Case  III 


MAD  =2,980,000  in.  lb. 

— 5.4  per  cent 

MDA  =2,978,000  in.  lb. 

— 5.5  per  cent 

MBC  =3,360,000  in.  lb. 

+6.8  per  cent 

MCB  =3,308,000  in.  lb. 

+5.0  per  cent 

i  "Error"  in  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the  neutral 
axis    of    the    member   which    it    intersects. 


It  is  apparent  from  Table  3  that  for  the  frame  considered  the 
slip  does  not  materially  affect  the  distribution  of  the  stresses.  It  re- 
mains to  determine  the  effect  of  the  size  of  the  section  of  the  mem- 
bers upon  the  change  in  the  distribution  of  the  stresses  resulting  from 
the  slip.  It  is  to  be  expected  that  slip  in  the  connections  of  a  rec- 
tangular frame  will  have  a  greater  effect  upon  the  distribution  of 
the  stresses  if  the  members  of  the  frame  are  short  and  stiff  than  if 
they  are  long  and  flexible.  Consider  a  frame  exactly  like  the  one 
for  which  the  moments  have  been  determined  except  that  the  /'s 
of  the  columns  are  changed.  That  is,  n  of  equations  (27)  to  (30)  is 
assigned  different  values.  The  moments  in  frames  having  values  of 
n  equal  to  1  and  2  were  computed  on  the  basis  that  the  connections 
are  perfectly  rigid,  and  also  upon  the  basis  that  the  slip  is  the  same 
as  specified  for  Case  I,  Case  II,  and  Case  III  (page  34).  The  dif- 
ferences in  results  obtained  by  the  two  methods  are  designated  as  the 
errors  due  to  the  assumptions  that  the  connections  are  perfectly 
rigid  and  that  each  member  maintains  its  section  up  to  the  axis  of 
the  member  which  it  intersects.  The  errors  are  represented  graph- 
ically in  Fig.  18. 
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In  order  to  study  further  the  effect  of  the  stiffness  of  the  mem- 
bers of  a  frame  upon  the  error  due  to  slip  in  the  connections,  the 
moments  were  determined  in  frames  for  which  the  columns  and  the 


4  Q  12  16 

Value  ofX        n  =  \ 

Fig.  19.     Error  in  Computations  for  Moment  in  Frame  with  Varying 

Values  of  K 
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girders  have  the  same  values  of  K,  that  is,  n  is  made  equal  to  1,  and 
for  which  K  for  both  columns  and  girders  has  the  values  4,  8,  12,  and 
16.  The  slips  in  the  connections  and  the  total  moment  upon  the 
frame  were  taken  the  same  as  in  Case  I,  II,  and  III.  The  magnitude 
of  the  errors  due  to  slip  is  represented  in  Fig.  19. 

It  is  apparent  from  Figs.  18  and  19  that  in  judging  the  serious- 
ness of  the  error  in  the  moments  in  a  frame  due  to  slip  in  the  con- 
nections, it  is  necessary  to  consider  the  Jl's  of  the  members.  The 
girder  of  Al  is  about  8.5  per  cent  stronger  in  moment  than  the  con- 
nection. The  distances  between  columns  of  bents  of  office-building 
frames  are  usually  between  fifteen  feet  and  twenty-five  feet.  It, 
therefore,  seems  that  the  value  of  K  equaling  8.2  for  the  girder  of 
Al,  corresponding  to  a  distance  between  columns  of  twenty  feet,  is 
as  large  as  would  be  used  in  an  office  building  in  conjunction  with 
the  connection  of  test  piece  AL 

The  size  of  a  column  of  an  office  building  is  usually  determined 
by  the  axial  load  rather  than  by  the  bending  moment  due  to  the  wind 
load.  The  relation  between  the  axial  stress  in  a  column  due  to  dead 
and  to  live  load  and  the  bending  stress  in  the  column  clue  to  the  wind 
load  depends  upon  many  features  of  the  building  and  is  distinct  for 
each  building. 

Taking  a  position  intermediate  between  the  two  extremes,  a  col- 
umn section  consisting  of  one  web  plate  14  by  5/8,  four  flange  angles 
5  by  4  by  5/8  and  two  cover  plates  14  by  1-1/8,  having  a  moment  of 
inertia  of  3006  in.4,  was  used  at  a  point  on  the  column  where  the 
moment  on  the  connection  corresponded  to  a  load  of  26,250  pounds 

upon  the  girder  of  Al  as  tested.     For  this  column  n  =  „._„        „^ 

1900  X  15 

=  2.  With  K  equal  to  8.2  and  n  equal  to  2,  the  maximum  error  is 
in  MCB  under  Case  I  and  is  slightly  Less  than  15  per  cent 

In  the  tests,  furthermore,  the  Loads  were  so  applied  that  slip 
in  a  connection  did  not  reduce  the  moment  to  which  the  connection 
was  subjected,  whereas  in  engineering  structures  the  moment  is  au- 
tomatically transferred  from  a  connection  which  slips  to  the  more 

rigid    connections.      The   addition    to    the    moment    on    the    more    rigid 

connections  and  the  reduction  of  the  moment  on  the  less  rigid  con- 
nections tend  to  make  the  Blip  on  all  the  connections  more  nearly 
equal  than  in  the  case  of  the  specimens  tested. 

It    Seems,   therefore,   that    the  of   the   two  BpecimenS   marked 

.1 1  support  the  following  statement : 
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Pig.  20.     Test  Results  for  Test  Piece  A\ 

NOTE. — In  Figs.  20  to  25  the  location  of  the  measurements  is  given  by  a  combination  of 
]<:ttf;rs  and  numbers.  The  letters  refer  to  general  location.  U,  upper  side  ;  L,  lower  side; 
Ar,  north  end;  8,  south  nd;  E,  east  side;  W,  west  side.  The  numbers  refer  to  the  location 
of  the   measurements  on  the  test  piece   as  shown   by   Figs.   10  to   15,    inclusive. 


THE    RIGIDITY    OF    RIVETED    JOINTS    OF    STEEL    STRUCTURES  43 


& 


40,000 

i 

p 

P 

f 

* 

30PO0 

f 

/ 

/ 

f 

j 

/ 

' 

/ 

' 

2opoo 

U\ 

I 

f 

7 

■ 

1 

/ 

#w 

u 

H 

k 

'h 

j 

N 

} 

N 

lOOOO 

i 

t 

} 

z 

l 

3 

I 

4 

1 

I 

j 

0 

I 

40QO0 

zr 

s> 

i 

} 

> 

r 

If 

lOCYY) 

T 

i 

1 

1 

T} 

i 

i 

1 

n 

1 

pnooo 

1  9 

'9 

f 

w. 

7 

3 

S 

h 

bs 

W3 

10Q00 

3 

r 

2 

* 

1 

/ 

/ 

i 

I 

/ 

0 

— . 

C^e-  Division  =  0  002  Rad/an   Change  of  J/ope 


1 

Nl 


o 

V 

4« 

5E 

sw 

r 

UA 

kif 

ft 

TV 

w 

□ 

d 

b 

J 

i 

/ 

/ 

i 

? 

/ 

! 

/ 

/ 

| 

/ 

/ 

/ 

/ 

k^ 

< 

.-j 

m 

■ 

P 

VZ 

i 

V} 

v 

I 

i 

/ 

Q40j000 

8  /era? 

40,000 

30000 

20000 

10000 

0 

One  Division  =  0  Of  inch  Detrvs/on 

Fra.  l(i.    Test  Results  P         .  i_ 

For  rectangular  frames  having  opposite  sides  alike,  tin-  assnmp 
tions  thai  the  eonnections  are  perfectly  rigid  and  thai  each  member 
maintains  its  section  up  to  the  central  axis  of  the  member  to  irhich 
it  is  connected  produce  errors  in  the  momenta  irhich  arc  dependenl 
upon  the  stiffness  of  the  members.    The  magnitude  of  the  error  <!•• 
ponds  upon  the  feT's  of  all  the  members  of  the  frame.     For  wind 
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braces  for  office  buildings  the  maximum  error  usually  will  be  con- 
siderably less  than  15  per  cent. 

12.  Test  Piece  A2. — Referring  to  Fig.  8,  the  slip  in  the  con- 
nection which  affects  the  stresses  in  a  frame  can  be  obtained  from 
the  rotation  of  the  points  B  and  C  relative  to  the  point  A.  The  ro- 
tation of  B  relative  to  A  equals  the  rotation  of  B  relative  to  0  plus 
the  rotation  of  A  relative  to  0.  Similarly,  the  rotation  of  C,  relative 
to  A  equals  the  rotation  of  G  relative  to  0  plus  the  rotation  of  A 
relative  to  0.  Referring  to  Fig.  21,  for  the  north  specimen,  the  ro- 
tation of  B  relative  to  0  is  represented  graphically  by  curve  UNI, 
A  relative  to  0  by  curve  iV4,  and  C  relative  to  0  by  curve  LN1.  For 
the  south  specimen,  the  rotation  of  B  relative  to  0  is  represented 
graphically  by  curve  US1,  A  relative  to  0  by  curve  #4,  and  G  rela- 
tive to  0  by  curve  LSI.  The  slip  of  B  relative  to  A  is  represented 
by  the  sum  of  the  horizontal  distances  between  the  full  lines  and  the 
broken  lines  for  curves  Z7iVl  and  iV4  for  the  north  specimen,  and  by 
the  sum  of  the  corresponding  distances  for  curves  US1  and  $4  for 
the  south  specimen.  Similarly  the  slip  of  C  relative  to  A  is  repre- 
sented by  the  sum  of  the  horizontal  distances  between  the  full  lines 
and  the  broken  lines  of  curves  LN1  and  iV4  for  the  north  specimen, 
and  by  the  sum  of  the  corresponding  distances  for  curves  LSI  and 
#4  for  the  south  specimen. 

With  a  load  of  27,800  pounds  on  the  girder  (see  Column  4, 
Table  2),  the  rotation  of  B  relative  to  A  due  to  slip,  obtained  as  out- 
lined previously,  is  .0018  for  the  north  specimen  and  .002  for  the 
south  specimen.  The  rotation  of  G  relative  to  A  due  to  slip  is  .0013 
for  the  north  specimen  and  .0014  for  the  south  specimen.  The  dif- 
ferences between  the  slips  for  specimen  A2  are  only  about  42  per 
cent  as  great  as  the  differences  in  the  slips  for  Al,  and  the  errors  in 
the  moments  based  upon  the  assumption  that  the  connections  are  per- 
fectly rigid  are  accordingly  less  for  A2  than  for  Al. 

The  fact  that  the  lower  part  of  the  connection  is  more  rigid  than 
the  upper  part  is  due  to  the  fact  that  the  lower  part  is  in  compression 
and  the  upper  part  is  in  tension.  The  lug  angles  of  the  connection 
and  the  flange  angles  of  the  column  are  more  rigid  to  resist  com- 
pression than  tension.  If  the  frame  represented  by  Fig.  1  has  connec- 
tions like  A2}  the  lug  angles  and  flange  angles  are  in  compression  for 
connections  at  B  and  D  and  are  in  tension  for  connections  at  A  and  G. 

In  order  to  determine  the  error  in  the  moments  in  a  frame  due 
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to  slip  in  the  connections  of  the  type  used  for  A2,  a  frame  fifteen 
feet  high  and  twenty  feet  long  with  column  and  girder  sections  the 
same  as  for  specimens  A2  was  used.  For  a  moment  on  each  connec- 
tion corresponding  to  a  load  of  27,800  pounds  on  a  girder  as  the  speci- 
mens were  tested,  let  the  slip  at  A  and  C  equal  the  average  slips  of 
the  two  connections  having  lug  angles  in  compression  and  let  the 
slip  at  B  and  D  equal  the  average  of  the  slips  of  the  two  connections 
having  the  lug  angles  in  tension.    That  is, 

RC  =  RA  =  •QQ18  "JT  •Q02Q  =  .0019,  slips  at  A  and  C  in  radians. 

RD  =  RB=-  •QQ13  +  •QQ14  =  .00135,  slips  at  B  and  D  in  radians. 

Ph  =  4  X  27,800  X  120  =  13,350,000  inch-pounds. 
From  Table  1, 

A'  =  8.2  in.3 
nK  —  3.25  in.3 
n=    .4 
Substituting  these  values  in  equations   (27)   to   (30)   gives  the 
moments  in  the  frame.    The  moments  and  the  errors  due  to  slip  are 
given  in  Table  4. 

Table  4 

Effect  of  Slip  in  Connections  of  A 2   upon  Distribution  of  Moments   in 

Re<  .ar  Frame 


K  =8.2,  n=A     (See  Table  2.) 

Moment 

Error1 

M AD  =3,300,000  in.  lb. 

— 1  per  < 

Sl  DA  -3,375,000  in.  lb. 

+  1  per  cent 

*BC  =3,375,000  in.  lb. 

+  1  per  cent 

*CB  =3,300.000  in,  lb. 

— 1  per  cmt 

l  "Error"    in    this    tabic    menus    the    diffVTOOC    betn  determined    from 

oris     <'J7)     to     (.'JO)     and    the    mon  ■  1    upon    the    assumptions    thai 

id    and    that    etch    member    maintains    a    constant    section    up    to    the 
r*J   axis   of   the   member   which    it   intersects. 

Comparing  Table  A  with  Table  3  it  is  apparent  thai  with  n  = 
.\  the  maximum  error  in  the  momenta  due  to  Blip  ifl  much  leas  i^v 
A2  than  for  Al. 
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The  horizontal  deflection  of  the  frame  with  connections  like  the 
connections  used  for  A2  as  given  by  equation  (31)  is  1.728  inches,  of 
which  .288  inches  or  20  per  cent  are  due  to  the  slip  in  the  connections. 

With  n  =  2  and  all  other  quantities  the  same  as  before,  the  mo- 
ments are  as  given  in  Table  5. 

Table  5 

Effect  of  Slip  in   Connections  of  A2  upon   Distribution   of  Moments   in 

Eectangular  Frame 


K  =8.2,  n  =2.0     (See  Table  2.) 

Moment 

Error* 

MAD  =3,250,000  in.  lb. 
MDA  =3,430,000  in.  lb. 
MBC  =3,430,000  in.  lb. 
-^"(75  =3,250,000  in.  lb. 

— 2.7  per  cent 
+3     per  cent 
-f-3     per  cent 
— 2.7  per  cent 

i  "Error"  in  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the  neutral 
axis  of  the  member  which  it  intersects. 

Comparing  Table  5  with  Table  3,  with  n  =  2.0,  the  maximum 
error  in  the  moments  due  to  slip  is  3  per  cent  for  A2;  whereas  the 
corresponding  error  due  to  slip  for  Al  is  9.5  per  cent. 

Although  sufficient  tests  have  not  been  made  to  justify  a  final 
conclusion,  the  tests  of  the  two  specimens  indicate  that  the  type  of 
connection  used  for  specimen  A2  is  more  rigid  than  that  used  for  Al. 
The  relation  between  moment  and  slip  was,  moreover,  more  nearly 
the  same  for  the  two  specimens  A2  than  for  the  two  specimens  Al. 
Inasmuch  as  the  strain  for  A2  was  largely  due  to  the  elastic  strain 
of  the  material,  a  quantity  independent  of  the  workmanship  of  the 
assembler,  whereas  the  strain  for  ^11  was  largely  due  to  slip  of  rivets, 
a  quantity  dependent  upon  the  workmanship  of  the  assembler,  it  is 
reasonable  to  expect  the  connections  of  A2  to  behave  more  consist- 
ently than  the  connections  of  Al.  Since  it  is  differences  of  slips  rather 
than  absolute  slips  which  affect  the  distribution  of  moments,  slip  of 
the  connections  A2  will  cause  less  error  in  the  analysis  of  the  stresses 
than  slip  of  the  connections  Al.  With  the  type  of  connection  used 
for  specimen  A2,  for  frames  of  usual  proportions,  furthermore,  the 
assumptions  that  the  connections  are  perfectly  rigid  and  that  a  mem- 
ber maintains  its  section  up  to  the  neutral  axis  of  the  member  to 
which  it  is  connected  produce  a  very  small  error  in  the  moments  in 
the  frame. 
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13.     Test  Piece  A3. — Referring  to   Pig.   22  the  rotation  of  the 
girder  relative  to  the  column  is  measured  by  <lial  .V  for  the  north 
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specimen  and  by  dial  S  for  the  smith  specimen.    The  slips  in  the 
nections  are  measured  by  the  horixontaJ  distances  between  the  full- 
line  and  the  broken-line  curves. 
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Keferring  to  Table  2,  one  and  one-half  times  the  working  load 
for  usual  dead  and  live  load  stresses  is  4,545  pounds.  From  Fig.  22, 
a  load  of  4545  pounds  on  a  girder  produces  a  slip  in  the  connection 
of  .0028,  the  same  for  both  specimens,  as  near  as  it  is  possible  to  read 
from  the  curves.    If  the  slips  in  all  the  connections  of  a  frame  are 
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Fig.  23.     Test  Results  for  Test  Piece  A± 

equal,  the  distribution  of  the  moments  is  the  same  as  if  the  connec- 
tions were  perfectly  rigid. 

Although  large  equal  slips  in  the  connections  of  a  frame  do  not 
affect  the  distribution  of  the  moments,  a  large  slip  in  the  connec- 
tions does  seriously  affect  the  stiffness  of  the  frame.  If  a  frame  fif- 
teen feet  high  and  twenty  feet  long  made  up  of  12  inch  —  31  1/2 
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pound  I-beams  is  joined  with  connections  like  the  ones  used  for  A3, 
the  horizontal  deflection  of  the  columns  due  to  horizontal  shear  on 
the  frame  producing  a  slip  of  .0028  in  the  connections,  as  given  by 
equation  (31),  is  1.260  inches,  of  which  .672  inches  or  53.4  per  cent 
are  due  to  the  slip  in  the  connections. 

14.  Test  Piece  A4t. — Referring  to  Fig.  23,  rotation  of  the  girder 
relative  to  the  column  is  measured  by  dial  N  for  the  north  specimen 
and  by  dial  S  for  the  south  specimen.  The  slips  in  the  connections 
are  measured  by  the  horizontal  distances  between  the  full-line  and 
the  broken-line  curves. 

Referring  to  Table  2,  one  and  one-half  times  the  working  load 
for  usual  dead  and  live  load  stresses  is  7,500  pounds. 

From  Fig.  23,  a  load  of  7,500  pounds  on  a  girder  produces  a 
slip  in  the  connection  of  .00144  radians  for  the  north  specimen  and 
.00072  radians  for  the  south  specimen.  In  each  case  the  angle  given 
is  the  slip  between  A  and  O.  The  slip  upon  which  the  distribution 
of  the  moments  depends  is  the  slip  between  A  and  B,  and  between  A 
and  C.  This  slip  was  not  determined  for  these  specimens,  and  it  is 
therefore  impossible  to  determine  the  effect  of  the  slip  upon  the  dis- 
tribution of  the  moments.  Judging  from  the  results  of  this  test, 
however,  for  connections  which  are  apparently  alike,  a  given  moment 
produces  radically  different  slips  in  different  connections,  and  the 
distribution  of  the  moment  is  therefore  seriously  affected  by  the  slip 
in  the  connections. 

15.  Test  Piece  A5. — Referring  to  Fig.  24,  rotation  of  the  girder 
relative  to  the  column  is  measured  by  dials  UN,  LN,  and  AT3  for  the 
north  specimen,  and  by  dials  US,  LS,  and  S3  for  the  south  specimen. 
The  total  slip  in  the  connection  for  the  upper  part  of  the  column  is 
the  slip  between  B  and  O  plus  the  slip  between  A  and  O.  This  is 
represented  graphically  by  the  sum  of  the  horizontal  distances  be- 
tween the  full-line  and  the  broken-line  curves  for  UN  and  JV3.  The 
total  slip  in  the  connection  for  the  lower  part  of  the  column  is  the 
slip  between  C  and  O  pins  the  slip  between  .1  and  O.  This  is  repre- 
sented graphically  by  the  sum  of  the  horizontal  distances  between 
the  full-line  and  broken-line  curves  LN  and   ,\ 

Referring  to  Table  2,  one  and  one-half  times  the  working  Load 
for  usual  dead  and  live  load  Btresses  is  5,100  pounds.  Referring  to 
Pig.  24,  the  slips  in  the  connections  for  a  load  of  5,100  pounds  are 
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Fig.   24.     Test  Results  for   Test  Piece  A5 


equal  for  all  connections  as  nearly  as  can  be  determined  from  the 
curves,  but  for  larger  loads  the  slip  in  the  south  specimen  is  a  little 
greater  than  in  the  north  specimen.  That  is,  although  the  connec- 
tions slip,  the  slips  in  the  different  connections  at  working  loads  are 
so  nearly  alike  that  the  moment  in  a  rectangular  frame  is  distributed 
almost  exactly  the  same  as  it  is  when  all  the  connections  are  per- 
fectly rigid. 

To  determine  the  effect  of  the  slip  in  the  connections  upon  the 
horizontal  deflect  ion  in  a  rectangular  frame,  consider  a  frame  fifteen 
feet  high  and  twenty  feet  long  having  column  and  girder  sections 
and  connections,  like  the  ones  used  for  A5.  As  determined  from 
equation  (31)  the  deflection  of  the  frame  when  the  moment  in  each 
connection  equals  the  moment  in  the  connection  of  A5  due  to  a  load 
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of  5,100  pounds  is  .339  inches  of  which  .122  inches,  or  36  per  <*ent, 
are  due  to  slip  in  the  connections. 

16.     Test  Piece  AG. — Referring  to  Fig.  25,  the  rotation  of  the 
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girder  relative  to  t he  column  is  measured  by  dial  S  for  the  north 
specimen  and  by  dial  8  for  the  south  specimen.  The  slip  is  re] 
Bented  graphically  by  the  horizontal  distance  between  the  full-line 
an<l  the  broken-line  curves  marked  X,  for  the  north  specimen  and  by 
the  corresponding  distance  on  the  curves  marked  fif,  for  the  south 
specimen. 

Prom  Table  2,  one  and  One-half  times  the  working  load   for  usual 

dead  and  live  load  stresses  is  1,125  pounds. 

Referring  to  Pig.  25  for  a  load  of  1,125  pounds  on  one  girder 
the  slip  in  the  connection  for  the  north  specimen  is  ,0052  radians,  and 
the  Blip  for  tie-  south  specimen  is  ,0033  radians. 

Let  a  rectangular  frame  similar  to  Pig.  1,  fifteen  feel  high 
and  twenty  feet,  long  be  mad.'  up  of  girders  and  columns  having  the 

same  section   as   the  corresponding   members  of  s] [men    46   and 

joined  with  the  type  of  connection  used  for  .!«».     It'  the  average  mo 
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inent  at  each  connection  of  the  frame  is  equal  to  the  moment  pro- 
duced in  the  connection  of  A6  due  to  a  load  of  4,125  pounds  on  one 
girder,  the  quantity  Ph  =  743,000  inch-pounds.  Consider  the  slip 
at  A  and  D  to  be  .0052  radians  and  at  B  and  G  to  be  .0033  radians. 
7f=.9 
nK  =  .755 

w  =  .86 
Ph  =  743,000  in.  lb. 
BA  =  .0052  slip  at  A  in  radians 
BB  =  .0033  slip  at  B  in  radians 
BC  =  .0033  slip  at  C  in  radians 
BD  =  .0052  slip  at  D  in  radians 
The  horizontal  deflection  of  the  frame  as  given  by  equation  (31) 
is  1.211  inches  of  which  .765  inches  or  63  per  cent  are  due  to  slip  in 
the  connections. 

The  moments  in  the  frame,  as  given  by  equations  (27)  to  (30), 
are  given  in  Table  6. 

Table  6 

Effect  of  Slip  in  Connections  of  A6  upon  Distribution  of  Moments  in 

Kectangular  Frame 


K  =  .9,  »  =  .86  (see  Table  2) 

Moment 

Error! 

MAD  =150.000  in.  lb. 

— 19.4  per  cent 

MDA  =150,000  in.  lb. 

— 19.4  per  cent 

MBC  =222,000  in.  lb. 

+19.4  per  cent 

MCB  =222,000  in.  lb. 

+19.4  per  cent 

l  "Error"  in  this  table  means  the  difference  between  the  moments  determined  from 
equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  each  member  maintains  a  constant  section  up  to  the  neutral 
axis   of   the   member   which   it   intersects. 

If  the  frame  is  7.5  feet  high  and  10  feet  long, 
K=  1.8  in.3 
nK  =  1.55  in.3 

n  =     .86 
Ph  —  743,000  in.  lb. 
BA  =     .0052  slip  at  A  in  radians 
BB  =     .0033  slip  at  B  in  radians 
BC  =     .0033  slip  at  C  in  radians 
BD  =     .0052  slip  at  D  in  radians 
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The  horizontal  deflection  of  the  frame  as  given  by  equation  (31) 
is  .495  inches  of  which  .382  inches  or  77  per  cent  are  due  to  slip  in  the 
connections. 

The  moments  in  the  frame  are  given  in  Table  7. 

Table  7 

Effect  of  Slip  in  Connections   of  A6  upon   Distribution  of  Moments   in- 
Rectangular  Frame 


K  -  1 .8.  n  -  .86     (see  Table  2) 

Moment 

Error* 

MDA  =113.000  in.  lb. 

— 39.0  per  cent 

MDA  =113.000  in.  lb. 

— 39 . 0  per  cent 

MBC  =260.000  in.  lb. 

4-40.0  per  cent 

MCB  =260,000  in.  lb. 

+40.0  per  cent 

i  "Error"  in  this  table  means  the  percentage  of  difference  between  the  moment  de- 
termined from  equations  (27)  to  (30)  and  the  moments  based  upon  the  assumptions  that 
the  connections  are  perfectly  rigid  and  that  each  member  maintains  a  constant  section 
up   to   the   neutral   axis   of  the   member   which   it  intersects. 

17.  Comparison  of  Results  of  Tests  of  Different  Test  Pieces. — 
Since  the  effect  of  slip  in  the  connections  upon  the  distribution  of 
the  stresses  in  a  rectangular  frame  depends  upon  quantities  independ- 
ent of  the  type  of  connection  used,  in  making  any  comparison  of  the 
different  types  of  connections  certain  quantities  must  be  fixed  arbi- 
trarily. It  must  be  clearly  borne  in  mind  that  the  results  of  the 
comparison  are  true  only  under  the  conditions  specified.  Anal} 
of  the  effect  of  slip  in  the  connections  upon  the  stresses  in  a  rectan- 
gular frame  under  certain  arbitrary  fixed  conditions  are  presented 
in  Sections  10  to  15,  inclusive.  As  a  further  study,  the  effect  of  slip 
has  been  determined  under  the  following  arbitrarily  fixed  condi- 
tions : 

(1)  The  moment  on  the  connection  is  the  moment  due  to  a 
load  one  and  one-half  times  the  working  load  corresponding  to  usual 
dead  and  live  load  stresses;  that  is,  it  is  the  moment  to  which  the 
connection  would  be  iribjeeted  as  a  pari  of  wind  bracing.  This  Load 
is  driven  in  Column  4  of  Table  2  and  is  repeated  in  Column  Ll 
Table  8. 

(2)  The  slips  at  A  and   />'  arc  taken  equal   to  each  other  and 
equal  to  the  maximum  slip  measured  at   the   load  specified.     The 
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slips  at  C  and  D  are  taken  equal  to  each  other  and  equal  to  one  half 
of  the  slips  at  A  and  B.  Differences  in  slips  rather  than  slips  them- 
selves affect  the  distribution  of  the  stresses  in  the  frame.  The  arbi- 
trarily fixed  differences  in  the  slips  are  used  rather  than  the  dif- 
ferences obtained  in  the  tests  because  it  is  considered  that  tests  of 
two  specimens  cannot  be  relied  upon  to  bring  out  the  differences  in 
the  behavior  of  connections  which  are  supposed  to  be  identical.  It  is 
only  fair,  however,  to  point  out  that  for  A\  the  differences  in  the 
slips  for  the  two  specimens  as  determined  by  tests  were  a  little  great- 
er than  one-half  the  maximum  slip ;  whereas  for  A2  the  differences 
in  the  slips  were  less  than  one  half  of  the  maximum  slip  as  determined 
by  the  tests. 

(3)  The  K's  of  all  members  of  the  frame  are  taken  equal  to 
10,  that  is,  if  the  moment  of  inertia  of  the  member  is  small  the 
member  is  short,  whereas  if  the  moment  of  inertia  of  the  member  is 
large  the  member  is  long,  a  condition  prevalent  in  structures. 

The  quantities  used  in  the  determination  of  the  moments  are 
given  in  Columns  2  to  4  of  Table  8 ;  the  moments  in  the  frames  are 
given  in  Columns  5  and  6.  The  errors  in  the.  calculated  moments 
resulting  from  the  slip,  due  to  the  assumptions  that  the  connections 
are  perfectly  rigid  and  that  the  member  maintains  its  section  up  to 
the  neutral  axis  of  the  member  to  which  it  is  connected,  are  given 
in  Column  7,  all  in  Table  8. 

From  Column  7,  Table  8,  it  is  apparent  that  under  the  condi- 
tions assumed,  the  connections  for  specimens  A\  and  A2  can,  for  the 
purpose  of  analyzing  stresses  in  a  rectangular  frame,  be  considered 
perfectly  rigid  without  introducing  prohibitive  error,  but  the  con- 
nections for  specimens  A3,  A4,  A5,  and  A6,  for  the  purpose  of  an- 
alyzing stresses,  cannot  be  considered  perfectly  rigid. 

The  error  due  to  slip  cannot  exceed  one  hundred  per  cent  of  the 
computed  moment.  Errors  greater  than  one  hundred  per  cent  given  in 
Column  8  of  Table  8  were  obtained  because,  for  the  conditions  upon 
which  the  error  due  to  slip  is  based,  slip  in  a  connection  is  not  con- 
sidered as  reducing  the  moment  which  produces  the  slip.  As  a 
matter  of  fact  if  a  connection  slips,  the  moment  to  which  it  is  sub- 
jected is  automatically  transferred  to  other  connections.  The  error 
in  a  frame  due  to  slip  in  the  connections  is  therefore  less  than  the 
vali  i' «  given  in  Column  8  of  Table  8,  the  difference  between  the  true 
error  and  the  values  given  in  Table  8  depending  upon  the  size  of 
the  error.     The  values  given  in  Column  8  of  Table  8  are  therefore 
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relative  rather  than  actual  errors.     The  actual  errors  are  Less  than 

the  values  given  in  the  table. 

Table  8 

parison  of  Effects  of  Blips  in  Connections  upon  Moment-         : 

LAB   Frames 

Slip   at   A    ami    /-'    il    maximum   slip   as   determined    I  it    a   load    corresponding:   to 

one   and   one-half   times   the   usual    dead   and   live   working  loads.      Blip    at    0   and   D   is   taken 
us  one-half  of  the  dip  at  .1   and  B. 


Test 
Piece 

tjj  Times 

Working 

Load 

Slip  at  A 
and  B  = 
RA  =RB 

Slip  at  C 
and  D  = 
RC=RI> 

Mad  =Mbc 

in  Lb. 

Mda  =Mbc 
in  Lb. 

Errors  Due 
to  Slip 

PXh 
in  Lb. 

-U 
12 

1  » 
15 

7 . 54  1 1 

■».ioo 

4.12 

.  002". 

.0020 

0028 

.unlit 

.0046 

0052 

.0012.-. 
.0010 

.0014 
.00i>7  _' 
.002:1 

"..000 

—88.000 

It. 1.000 

—22.700 

— 439.000 

i,ooo 

3.560.000 
541.000 

483.30O 

1 ,1  123,000 

805,000 

9  per  cent 

7  per  cent 

138  per  cent 

50  per  cent 

104  per  cent 

l>er  cent 

12.600.000 

13.300.000 

910.000 

1.290.000 

2.000.000 

742.000 

18.     Conclusions.-   The  main  object  of  these  testa  was  to  deter- 
mine whether  serious  error  is  introduced  into  computations  for  str 
es  in  Btee]   frames  by  the  assumption  that   the  joints  arc  perfectly 
rigid. 

The  rigidity  of  various  types  of  joints  ha^  been  studied  by  means 
of  tests,  and  the  error  introduced  into  computations  Btudied  by  means 
of  mathematical  analysis  of  the  action  of  frames  with  slip  at  the 
joints  of  a  magnitude  such  as  was  observed  in  these  tests.  The  action 
under  a  load  producing  Stresses  equal  to  one  and  one-half  times  the 
Working  BtreSS  has  been  taken  as  a  criterion,  and  for  the  joints  stud- 
ied the  following  conclusions  reached: 

Connections  of   the   type   used    for  specimens   .11    and    A2  are 

rigid  that  for  the  purpose  of  analyzing  stresses  in  rectangular  frames 
the  connections  can  he  considered  as  perfectly  rigid  without  intro- 
ducing serious  errors  into  the  results. 

The  errors  due  to  slip  in  the  connections  is  less  \\,v  a\2  than  for 
A\. 

tnnections  of  the  type  used  for  specimens  43,    \  \.  .r>.  and    l( 
for  the  purpose  of  analysing  stresses  cannot  he  considered  perfectly 

rigid. 
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PREFACE 

AS  a  part  of  the  experimental  work  conducted  in  the  Hydraulic 
"**•  Laboratory  of  the  University  of  Illinois  a  number  of  problems 
has  been  investigated  which  has  not  been  large  enough  in  scope  to  war- 
rant publication  as  separate  bulletins.  It  seems  well,  however,  to  put 
on  record  the  results  of  such  experiments,  and  this  bulletin  presents 
a  record  of  four  of  these  problems.  It  is  believed  that  the  four  papers 
will  be  found  to  be  of  use  in  various  aspects  of  engineering  practice 
even  though  the  experiments  are  not  exhaustive  investigations. 

The  investigations  for  the  most  part  have  been  the  outgrowth  of 
experimental  work  begun  by  students,  largely  as  thesis  work,  and  car- 
ried on  over  a  period  of  several  years. 

The  variety  of  conditions  under  which  the  flow  of  water  takes 
place,  the  possibility  of  large  changes  in  the  state  of  the  flow  due  appar- 
ently to  small  changes  in  the  form  of  the  passages  through  which  the 
water  flows,  and  the  necessity  of  persistent  effort  in  subjecting  assump- 
tions and  analytical  deductions  to  experimental  verification,  make  it 
desirable  to  report  all  hydraulic  experimental  results  which  are  believed 
to  be  reliable. 

A  part  of  the  experimental  results  herein  reported  has  appeared 

in  the  publication  of  a  technical  society.     The  material,  however,  has 

been  expanded  in  this  bulletin  and  will  be  found  in  a  more  convenient 

form  for  use. 

Arthur  N.  Talbot 

Fred  B  Seely 

Editors 
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Part  I 
LOSS   OF   HYDRAULIC   HEAD   IX   SMALL    VALVES 


I.     Introduction 

1.  Preliminary. — Part  I  of  this  bulletin  presents  the  results  of 
experiments  on  the  flow  of  water  through  1-in.  and  2-in.  gate  valvi 
1-in.  and  2-in.  globe  valves,  and  1-in.  and  2-in.  angle  valves.  The  loss 
of  head  caused  by  each  valve,  expressed  in  terms  of  the  velocity  head 
in  the  pipe,  is  given  for  four  different  ratios  of  the  height  of  the  valve 
opening  to  the  diameter  of  the  full  valve  orifice,  namely,  lA,  }■■>,  ?i, 
and  1.  The  coefficients  of  discharge  are  also  given  for  the  gate  valves 
for  each  of  the  four  valve  openings. 

In  a  long  pipe  line  the  total  amount  of  lost  head  is  caused  chiefly 
by  pipe  friction,  the  resistance  duo  to  a  valve  being  comparatively  small 
except  for  very  small  valve  openiir_ 

In  a  variety  of  cases,  however,  where  valves  arc  used  OD  compara- 
tively short  pipe  lines  as,  for  example,  in  hydraulic  elevator  service,  in 
office  buildings,  and  in  special  apparatus  it  is  important  to  know  the 
lost  head  caused  by  small  valves  of  different  kinds  when  set  at  various 
positions.  Very  few  experimental  results  have  been  published  on  this 
subject,  particularly  for  globe  and  angle  valves.  Any  experimental 
work,  furthermore,  which  helps  to  indicate  the  law-  governing  the  flow 

of  water  should  prove  of  value.      With  these  tact-  in  mind  the  results 

herein  recorded  have  been  prepared; 

2.    Acknowledgment.    The  experiments  herein  considered  were  : 

formed  as  student  thesis  work  in  the  Hydraulic  Laboratory  of  the  bni- 
versity  of  Illinois  by  M.  E,  Thomas,  da--  of  L906,  under  the  direction 
of  P» Ti  BSt »h  Akthi  b  N.  Talbot.     Unusual  care  in  the  experimentic 

reflected  in  the  COIlgruity  of  the  data  presented  in  Mr.  Thoina.-'  th< 
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II.     Apparatus  and  Method  of  Experimenting 

3.  Valves. — The  valves  used  were  bought  in  the  open  market 
and  tested  just  as  received.  The  passages  through  the  2-in.  globe 
valve  were  then  modified  by  the  use  of  plaster  of  paris  to  give  a  more 
gradual  change  of  section  (see  Fig.  10),  and  this  valve  was  tested  again. 
The  types  or  forms  of  the  interiors  of  the  valves  and  the  dimensions  of 
some  of  the  passageways  through  the  valves  are  shown  in  Fig.  1.  The 
1-in.  globe  valve  and  the  1-in.  angle  valve  were  made  by  the  Western 
Tube  Company.     All  the  other  valves  were  made  by  the  Crane  Company. 

4.  Method  of  Experimenting. — The  arrangement  of  the  apparatus 
is  shown  in  Fig.  2.  The  test  valve  was  placed  in  a  horizontal  pipe  to 
which  water  was  supplied  from  a  standpipe  under  a  static  head  of  about 
50  feet.  The  quantity  of  water  discharged  through  the  valve  was 
regulated  by  another  valve  downstream  from  the  test  valve.  The 
volume  discharged  in  a  certain  time  was  measured  in  a  calibrated  pit 
and  the  time  taken  with  an  ordinary  watch  from  which  the  rate  of 
discharge  was  calculated.  Three-way  gage  connections  for  obtaining 
the  pressure  head  in  the  pipe  were  made  at  a  section  one  foot  upstream 
and  one  foot  downstream  from  the  valve.  Care  was  taken  to  avoid 
having  these  connections  project  into  the  interior  of  the  pipe.  It  was 
found  by  experiment  that  when  any  two  of  the  three  pressure  connec- 
tions at  either  section  were  closed,  the  same  difference  of  head  was 
registered  as  when  all  three  connections  at  either  section  were  open. 
The  three-way  connections  were  used,  however,  in  all  the  experiments. 
The  difference  in  the  pressure  heads  at  the  two  sections  was  measured 
by  a  differential  mercury  gage.  A  Crosby  pressure  gage  was  also 
attached  at  each  section  to  serve  as  a  rough  check  on  the  differential 
gage.  The  lost  head  due  to  the  pipe  friction  for  the  two  feet  of  pipe 
between  the  two  sections  was  assumed  to  be  as  given  in  Weston's  Tables 
of  Friction  of  Water  in  Pipes.  This  amount  of  lost  head  was  subtracted 
from  the  reading  of  the  differential  mercury  gage  in  determining  the  loss 
of  head  caused  by  the  valve. 

The  loss  of  head  and  the  corresponding  rate  of  discharge  and 
velocity  in  the  pipe  were  determined  for  each  of  four  valve  openings  for 
each  of  the  six  valves  tested.  The  valve  openings  used  were  such  that 
the  heights  of  the  openings  were  one-fourth,  one-half,  three-fourths,  and 
one  times  the  diameter  of  the  full  valve  orifice. 
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III.     Experimental  Results  and  Discussion 

5.  Loss  of  Head. — In  Fig.  3  to  8  values  of  the  lost  head  caused 
by  the  valve  are  plotted  as  abscissas  and  the  mean  velocity  in  the  pipe 
as  ordinates.  The  assumed  value  of  the  friction  head  for  the  two  feet 
of  pipe  between  pressure  connections  is  subtracted  from  the  differential 
mercury  gage  reading  in  plotting  the  abscissas.  There  is,  of  course, 
some  doubt  concerning  the  correct  allowance  to  be  made  for  this  pipe 
friction.  The  loss  of  head  due  to  this  cause,  however,  will  be  relatively 
small  except  for  the  larger  valve  openings.  It  will  be  noted  from  the 
curves  in  Fig.  3  to  8  that  the  range  of  velocity  in  the  pipe  varied  of 
course  with  the  kind  of  valve  and  with  the  amount  of  valve  opening. 
The  smallest  mean  velocity  in  any  case  was  about  34  ft.  per  sec,  while 
the  maximum  mean  velocity  was  about  40  ft.  per  sec. 

The  curves  in  Fig.  3  to  8  give  values  of  the  loss  of  head  caused 
by  the  valves  which  vary  as  the  square  of  the  velocity  in  the  pipe,  that 
is,  the  lost  head  due  to  the  valve  may  be  expressed  in  terms  of  the 
velocity  head  in  the  pipe.  This  fact  is  shown  very  clearly  by  plotting 
the  values  from  the  curves  in  Fig.  3  to  8  on  logarithmic  paper;  the 
curves  showing  the  relation  between  the  lost  head,  h}  and  the  velocity 
in  the  pipe,  v,  become  parallel  straight  lines  with  a  slope  varying  but 
little  from  two,  the  slope  indicating  the  exponent  in  the  equation 
h  =  kvn.     That  is,  h  =  kv2  or,  when  expressed  in  terms  of  the  velocity 

head  in  the  pipe,  h  =  -~-  in  which  m  is  called  the  coefficient  of  loss. 

Values  of  the  coefficients  of  loss  for  the  valves  with  the  various  valve 
openings  as  obtained  from  the  curves  in  Fig.  3  to  8  are  given  in  Table  1. 
These  values  have  been  plotted  in  Fig.  9  as  abscissas  against  the  valve 
openings  as  ordinates.  From  these  curves  and  also  from  Table  1  the 
resistance  to  flow  caused  by  the  three  kinds  of  valves  may  be  com- 
pared at  various  valve  openings.  It  will  be  noted  that  the  loss  of  head 
varies  in  a  quite  different  manner  with  the  amount  of  valve  opening  for 
these  three  kinds  of  valves,  for  instance,  a  comparison  of  the  results 
for  the  valves  when  completely  opened  shows  that  a  globe  valve  causes 
more  than  twice  as  much  loss  of  head  as  the  corresponding  size  of  angle 
valve,  while  a  gate  valve  causes  markedly  less  loss  than  either  a  globe  or 
an  angle  valve,  the  velocity  in  the  pipe  being  the  same  in  the  three 
cases.  As  the  valve  is  gradually  closed,  the  resistance  to  flow  of  the 
angle  valves  increases  the  least  (decreasing  at  first)  while  the  resistance 
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Fig.  6.     Curves  Showing  the  Relation  between  the  Velocity  and 
Head  Lost  in  2-inch  Globe  Valve 
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of  the  gate  valves  increases  the  most  rapidly,  although  the  rate  of 
increase  in  any  case  is  comparatively  small  until  the  valve  is  at  least 
one-half  closed. 
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Fig.  9  also  indicates  that  the  proportions  or  form  or  shape  of  the 
passageways  of  the  valve  of  a  given  type  or  kind  is  a  very  important 
factor  in  causing  loss  of  head.  This  fact  is  shown  by  a  comparison  of 
the  results  for  the  1-in.  globe  valve  with  those  for  the  2-in.  globe  valve 
and  also  by  a  comparison  of  the  results  of  the  1-in.  angle  valve  with 
those  of  the  2-in.  angle  valve.  Each  of  these  1-in.  valves  was  of  a 
somewhat  different  form  from  that  of  the  corresponding  2-in.  valve  as 
may  be  seen  in  Fig.  1.     It  will  be  noted  from  Fig.  9  and  Table  1  that 

Table  1 
Experimental  Values  of  Coefficients  of  Loss 


Values  of  m  in  h  = 


~2g 


Ratio  of  Height  of  Valve- 

Gate  Valves 

Globe  Valves 

Angle  Valves 

Opening  to  Diameter  of 
Full  Valve  Opening 

1-inch 
Diameter 

2-inch 
Diameter 

1-inch 
Diameter 

2-inch 
Diameter 

1-inch 
Diameter 

2-inch 
Diameter 

H 

H 
% 
l 

73.0 
7.0 
1.84 
0.74 

18.8 
2.94 
1.06 
0.35 

16.6 
9.62 
8.75 
7.12 

60.0 
10.9 
6.84 
6.0 

5.00 
2.90 
2.72 
3.23 

7.3 
1.70 
1.44 
1.70 
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for  the  smaller  valve  openings  the  1-in.  globe  valve  and  the  1-in.  angle 
valve  cause  less  resistance  to  flow  than  the  corresponding  2-in.  valv 
The  difference  is  especially  large  in  the  case  of  the  globe  valves.  This 
unexpected  result  seems  to  be  due  chiefly  to  the  better  shaped  dis- 
charge passages  (more  gradual  expansion)  as  the  water  makes  it- 
exit  from  the  1-in.  globe  valve. 

Experiments  were  made  on  the  2-in.  globe  valve  to  see  if  a  more 
gradual  change  in  sections  through  the  valve  would  cause  less  loss  of 
head.  This  gradual  change  was  made  by  filling  in  part  of  the  passage- 
way with  plaster  of  paris,  as  shown  in  Fig.  10.  This  modified  valve  was 
then  tested  with  the  valve  one-half  open  and  wide  open,  the  results  for 
which  are  showTi  in  Fig.  10.     It  will  be  seen  that  this  modification  had  no 
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effect  on  the  amount  of  head  lost.     Thifl  suggests  that  the  lost  head  in 
B  small  globe  valve  is  caused  more  by  the  form  or  shape  of  the  p 
way  at  exit  from  the  valve  than  by  the  form  of  the  passages  through  the 
valve.     Other  valve  openings  and  other  modifications  <>f  the  p 
ways,  however,  may  give  better  results. 

In  the  case  of  angle  7alvefl  the  lost  Of  head  IS  Dot  I  minimum  for 

the  greatest  valve  opening  as  is  Bhown  in  Table  i  and  io  Fig.  9.     I 
the  2-in.  angle  valve  the  lost  head  is  the  same  when  the  vali         aaly 

one-half  open  as  it  is  when  the  valve  is  wide  Open,  the  velocity  ID  the 

pipe  for  the  two  valve  openings  being  the  same,  that  is,  the  coefficient 
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of  loss  is  the  same  for  these  two  valve  openings.  When  this  valve  is 
three-fourths  open,  however,  the  coefficient  of  loss  is  about  20  per 
cent  less  than  when  the  valve  is  one-half  open  or  wide  open.  The  1-in. 
globe  valve  caused  a  smaller  amount  of  lost  head  when  it  was  one-half 
and  three-fourths  open  than  it  did  when  wide  open,  the  velocity  in  the 
pipe  being  the  same  for  each  of  the  valve  settings.  The  difference, 
however,  between  the  coefficients  of  loss  for  these  three  valve  openings 
is  not  large.  The  reason  that  the  minimum  loss  of  head  in  the  angle 
valves  occurs  when  the  valve  is  about  three-fourths  open  is  probably 
because  at  this  opening  the  water  can  flow  through  comparatively  large 
openings  all  around  the  valve  disc  meeting  with  less  abrupt  changes  of 
directions  than  when  the  valve  is  wide  open.  In  the  latter  case  there 
is  much  turbulent  action  due  to  the  impact  of  the  water  against  the  bot- 
tom of  the  valve.  As  the  valve  opening  decreases  from  the  three-fourths 
open  position,  the  greater  resistance  due  to  the  narrowing  passages 
causes  the  lost  head  to  increase  again. 

The  assumption  is  sometimes  made  that  for  comparatively  small 
valves  of  like  type  or  kind  the  loss  of  head  varies  inversely  with  the 
diameter  of  the  valve.  For  the  larger  valve  openings  this  assumption 
is  probably  approximately  true,  but  from  the  foregoing  results  and  dis- 
cussion it  would  seem  that  at  least  for  globe  and  angle  valves  the  form 
or  shape  of  the  passages  of  the  valve  is  a  determining  factor  in  the 
amount  of  head  lost  at  the  smaller  valve  openings. 

6.  Earlier  Experiments  on  Gate  Valves. — Among  the  first  reliable 
published  results  on  valves  were  those  by  Weisbach.*  The  largest 
gate  valve  used  bj'  Weisbach  was  a  little  less  than  two  inches.  Globe 
and  angle  valves,  at  least  of  modern  construction,  were  not  tested. 
Other  experiments  on  gate  valves  have  been  reported  by  Magruderf 
on  M-in.,  M-in.,  H-m.t  1-in.,  and  1^-in.  gate  valves,  by  FolwellJ  on 
a  4-in.  gate  valve,  by  KuichlingU  on  a  24-in.  gate  valve,  and  by  J.  Waldo 
Smith|  on  a  30-in.  gate  valve.  In  Smith's  experiments  the  30-in. 
valve  was  located  in  a  42-in.  pipe  with  increaser-shaped  or  Venturi- 
shaped  approaches,  and  in  Kuichling's  experiments  the  valve  was 
placed  in  one  branch  of  a  Y  only  a  few  feet  from  the  section  where  the 
Y  started  to  branch.     The  methods  of  determining  the  lost  head  in  the 


*  Mff-hanics  of  Engineering  (Coxe's  translation), 
r  Engineering  Record,  Vol.  XL,  p.  78,  1899. 

:  Engineering  News,  Vol.  XLVII,  p.  302,  1902. 

•  Trans.  Am.  Soc.  Civ.  Eng.  Vol.  XXVI,  p.  439,  and  Vol.  XXXIV. 

ins.  Am    Soc.  Civ.  Eng.  Vol.  XXXIV,  p.  235  (p.  243),  1895. 
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various  experiments  were  also  different.     For  these  reasons  it  is  obvi- 
ous that  the  results  of  these  experiments  are  not  directly  comparable. 

Table  2 
Values  of  the  Coefficien  i   of  Loss  1  "it  Gati  Valves  01    Varioi  a 

DlAMBTEBS    Dm    TO    PARTIAL   CLOSURE   Om.Y 


W<    -bach 

Kuichling 

Smith 

Folw.U 

Tin-  Bulletin 

Ratio  of  Height 

pening  to 

I  Hameter  "f 

Full  Valve 

Orifice 

inch 
I  >i:i meter 

L' 1-inch 
Diameter 

30-im-h 
Dian 

1-inch  Diameter 

2-inch  and  1-inch 

Parallel 
S  lei 

illel 

-.■les 

Parallel 

Sides 
Venturi- 
Shaped 

Ap- 
proaches 

Parallel 
Sides 

U.dge 
Shaped 

Parallel  B 

2-inch 

1-inch 
Diameter 

0 
3/100 

0.0 

1/10 

128  «) 

X 

90.0 

104 

H 

17.0 

11  7 

17.0 

16.8 

20  S 

IS 

3, 

5.5 

8.63 

7  5 

6.19 

8.0 

7.01 

16  0l 

H 

2.1 

1 

3.5 

2  72 

H 

0.81 

1  00 

1.5 

1   11 

l  s 

1    >X 

2.51 

0.50 

0  71 

1.10 

H 

0.07 

0.019 

0.19 

0   16 

or.1 

0.7O1 

1 

0.00 

0.00 

i,  00 

0.00 

0.00 

0.00 

0  00 

rpolated  from  ourre. 


In  Table  2  are  given  the  values  of  the  coefficients  of  Lose  as  obtained  by 
the  various  experimenters  mentioned  previously,  as  «reU  as  the  values 
obtained  in  the  experiments  herein  reported.  These  values  of  the 
coefficients  of  Loss  arc  those  due  to  partial  closure  of  the  valves  only, 
that  is,  in  excess  of  the  Loss  of  head  caused  by  the  valve  when  wide 
open.  Smith's  experiments  are  the  only  ones  in  which  valve  openings 
Less  than  one-eighth  were  used.  There  is  considerable  chance  for 
enor  in  the  results  obtained  for  the  very  small  valve  openings,  due 
chiefly  to  the  uncertainty  in  securing  the  valve  Betting  desired.  Table  2 
indicate-  a  rather  close  agreement  in  the  coefficient  of  lo-s  t'nr  all 
the  gate  valve-  having  diameters  of  2  in.  or  ind  for  valve 
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openings  of  34  or  perhaps  H  and  greater.  The  values  for  the  1-in. 
valve  show  a  considerable  increase  in  the  lost  head  over  that  for  valves 
of  2-in.  diameter  and  greater.  It  is  probable  also  that  there  is  consid- 
erable variation  in  the  smaller  valves  of  any  one  type  and  size. 

7.  Coefficients  of  Discharge  for  Gate  Valves. — In  order  to  determine 
the  rate  of  discharge  through  a  pipe  a  partially  closed  valve  has  some- 
times been  used.  This  requires  the  values  of  the  coefficients  of  dis- 
charge of  the  valve  for  various  valve  openings  since  the  rate  of  discharge, 
q,  is  found  from  the  expression,  cA^2gh,  in  which  c  is  the  coefficient 
of  discharge,  A  the  area  of  the  valve  opening,  and  h  the  difference  in 
pressure  heads  on  the  two  sides  of  the  valve  (lost  head),  velocity  of 
approach  being  neglected.  The  average  values  of  the  coefficients  of 
discharge  for  the  1-in.  and  2-in.  gate  valves  as  found  in  the  experi- 
ments reported  in  this  bulletin  are  given  in  Table  3.     The  value  of  the 


Table  3 

Experimental  Values  of  the  Coefficients  of  Discharge  for 

Gate  Valves 


Values  of  c  = 


A^2gh 


Ratio  of  Height  of  Valve- 
Opening  to  Diameter  of 

Coefficient  of  Discharge 

Area  of  Valve-Opening 
Square  Inch 

Full  Valve-Opening 

1-inch  Valve 

2-inch  Valve 

1-inch  Valve 

2-inch  Valve 

% 

i 

.48 

.67 

.88 

1.16 

.88 
1.00 
1.12 
1.70 

.195 
.450 
.660 
.785 

.826 
1.80 
2.67 
3.14 

coefficient  varied  somewhat  with  the  velocity  for  any  given  valve  open- 
ing. Because  of  the  uncertainty  of  obtaining  the  exact  valve  setting 
desired  and  the  corresponding  uncertainty  in  the  area  of  the  valve 
opening,  the  values  of  the  coefficients  of  discharge  given  in  Table  3 
cannot  be  considered  as  refined  determinations. 

It  will  be  noted  that  the  coefficient  of  discharge  increases  directly 
with  the  valve  opening  for  each  of  the  gate  valves  for  a  range  of  valve 
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openings  of  }i  to  ZA  or  perhaps  greater.  The  more  the  valve  is  opened 
the  greater  is  the  velocity  of  approach  toward  the  valve  and  since  the 
velocity  of  approach  is  not  considered  in  the  calculation  of  the  coeffi- 
cient of  discharge  the  value  of  the  coefficient  increases  with  the  valve 
opening.  The  coefficient  of  discharge  for  the  valves  used  by  Kuichling 
and  Smith  decreased  slightly  until  the  valve  was  about  one-fourth  open 
and  then  increased  rapidly  for  further  openings  of  the  valve.  Gibson 
with  a  2l/2-m.  flat  disc  stop  valve  found  nearly  a  constant  coefficient 
of  discharge  of  0.80.  These  variations  in  the  coefficients  of  discharge 
are  not  surprising  considering  the  wide  range  of  conditions  covered  by 
the  experiments.  They  suggest,  however,  that  if  gate  valves  are  to 
be  used  for  determining  the  rate  of  discharge  in  pipes  with  reasonable 
accuracy  much  more  experimenting  is  required,  or  better,  where  it  is 
possible,  experiments  should  be  performed  under  service  conditions  to 
calibrate  the  particular  valve  to  be  used. 

8.  Summary. — The  following  brief  summary  is  given  as  applying 
to  1-in.  and  2-in.  valves  of  the  three  kinds  tested  (gate  valves,  globe 
valves,  and  angle  valves'  with  valve  settings  ranging  from  one-fourth 
open  to  wide  open. 

(1)  The  loss  of  head  caused  by  small  valves  varies  as  the 
square  of  the  velocity  in  the  pipe  for  all  the  valve  openings;  hence 
the  lost  head  may  be  expressed  as  a  constant  times  the  velocity  head 

in  the  pipe,  lh  =  -^—J. 

(2)  When  wide  open  a  globe  valve  causes  more  than  twice  as 
much  loss  of  head  as  an  angle  valve  of  the  same  size,  while  a  gate 
valve  causefl  much  Less  1088  of  head  than  either  a  globe  or  an  angle 
valve,  the  velocity  in  the  pipe  being  the  same  in  the  three  cat 

(3)  The  loss  of  head  for  an  angle  valve  i>  somewhat  less  when 

about  three-fourths  open  than  when  wide  open,  the  velocity  in  the 
pipe  being  the  same  in  each   C8£ 

(4)  The  loss  of  head  for  each  valve,  as  the  valve  i-  closed  from 
a  wide-open   position,   varies  comparatively  little  with   the  valve 

opening  until  the  valve  is  at  least  one-halt"  closed.  A-  further 
closure  takes  place  the  loss  of  head  of  the  globe  valves  and  gate 
valves  increases  rapidly  and  i-  considerably  larger  than  that  oi  the 
angle  vah 

(5)  The  form  or  Bhape  of  the  passageway  -  through  a  l^1< d »«■  or 
angle  valve  ha-  a  large  influence  on  the  !<>>-  of  head  for  the  small 
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valve  openings.  The  portion  of  the  passageways  in  which  the  form 
seems  of  greatest  importance  is  in  the  exit  from  the  valve  rather 
than  in  the  passageways  leading  to  the  valve  disc  or  seat.  On 
account  of  the  influence  of  the  form  or  shape  of  the  valve  no  law 
giving  the  relation  of  the  lost  head  to  the  diameter  of  the  valve  can 
be  stated  for  valve  settings  less  than  five-eighths  open.  For  larger 
valve  openings  than  this,  the  lost  head  seems  to  vary  approximately 
inversely  as  the  diameter. 

(6)  The  use  of  the  lost  head  through  a  partially  closed  valve 
as  a  means  of  determining  the  flow  can  be  only  a  very  rough  method 
of  measurement  unless  the  particular  valve  to  be  used  is  calibrated 
under  service  conditions.  Even  then  the  difficulty  in  obtaining 
the  desired  valve  setting  may  introduce  considerable  uncertainty 
in  the  results. 
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Part  II 


THE   FLOW   OF   WATER  THROUGH   SUBMERGED 

ORIFICES 


IV.     Introduction 

0.     Preliminary. — Part  II  of  this  bulletin  presents  the  results  of 

experiments  on  submerged  sharp-edged  orifices  of  various  Bhapes  and 
sices  discharging  under  moderately  low  and  under  very  low  head-. 
The  orifices  used  were  of  three  Bhapes,  circular  orifices  with  diameters 
from  1  in.  to  6  in.,  square  orifices  with  Bides  from  H  in.  to  5M  in.,  and 
rectangular  orifices  having  one  side  range  from  3 ■>  in.  to  2  in.,  the  other 
side  being  G  in.  in  each  case.  The  coefficient  of  discharge  is  given  for 
ea<h  orifice  for  a  velocity  range  of  approximately  I2  ft.  per  .-re.  to 
4  ft.  per  sec.  This  range  corresponds  roughly  to  a  range  of  head  on 
the  orifice  of  0.00G  ft.  to  0.08  ft. 

Considerable  experimenting  has  been  done  on  orifice-  discharging 
into  air,  particularly  on  sharp-edged  circular  orifices  of  rather  small  sice 
although  the  results  are  somewhat  discordant.  Comparatively  little 
experimental  work,  however,  has  been  carried  out  on  submerged  orifices. 
While  the  orifice  has  lost  some  of  it >  importance  as  a  water  measuring 
device  due  to  the  development  of  other  methods,  it  i-.  nevertheless,  of 
importance  to  determine  how  the  rate  of  discharge  is  affected  by  the 

Bhape  and  the  size  of  the  orifice  and  also  by  the  head  on  the  orifice, 
particularly  the  effect  of  very  low  head-  which  the  submerged  orifice 
makes  possible. 

The  BUbmerged  orifice  may  be  of  particular  importance  in  cast  - 
which  require  the  measurement  of  water  with  a-  -mall  a  loss  of  head  as 
possible  as,  for  example,  in  determining  the  discharge  from  a  water 

turbine  when  operating  under  a  low  head.  The  decrease  in  the  avail- 
able head  on  the  turbine  made  necessary  by  the  proper  setting  of  a  weir 
may  be  an  important   factor  in  the  installation. 

There  i-  a  feeling  among  some  engineers  that  the  important 
the  so-called  standard  orifice  -harp  edges,  complete  contraction  without 
velocity  of  approach,  etc.)  ha-  been  over-emphasised  and  that  beveled- 

edged  orifice-  are  better  adapted  at  lea-t  t«>  conditions  where  the  orifice 
may  be  obstructed  and  the  edge  -<»>n  worn  off,  a-.  n>r  example,  in 
measuring  the  water  -upplied  to  water  wheels  through  flume  or  bulk- 
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head  openings.  There  exist,  no  doubt,  some  grounds  for  this  feeling. 
A  sharp  edged  orifice  (an  opening  in  a  thin  plate),  however,  is  subject 
to  less  variation  in  its  construction  than  a  beveled-edged  orifice.  This 
fact  is  of  considerable  importance  where  accuracy  is  essential.  It  is 
felt  that  the  submerged  orifice,  both  beveled-edged  and  sharp-edged, 
is  worthy  of  more  attention  than  has  been  accorded  it. 

10.  Acknowledgment. — The  experimenting  was  done  in  the  Hyd- 
raulic Laboratory  of  the  University  of  Illinois.  Some  of  the  results 
herein  presented  have  been  taken  from  the  theses  of  W.  R.  Robinson 
of  the  class  of  1906  and  G.  D.  Phillips  of  the  class  of  1907,  and  some 
of  the  results  also,  particularly  at  the  low  heads,  have  been  taken 
from  a  second  thesis  presented  by  Mr.  Robinson  in  1909.  All  the 
thesis  work  was  conducted  under  the  direction  of  Professor  Arthur 
N.  Talbot.  The  careful  way  in  which  this  preliminary  experiment- 
ing was  done  has  made  the  results  of  the  theses  of  much  value.  Dur- 
ing 1914  and  1915  the  writer  spent  considerable  time  in  checking  the 
results  of  the  theses  work  and  extending  certain  parts  of  the  investi- 
gation. 
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V.  Apparatus  and  Method  of  Experimenting 

11.  Orifices. — The  orifices  used  were  of  three  different  shapes. 
Four  of  the  orifices  were  circular  with  diameters  of  1  in.,  2  in.,  4  in., 
and  6  in.  Five  were  square  with  sides  of  li  in.,  1  in.,  2  in..  4  in.,  and 
5H  in.  Three  were  rectangular  with  dimensions  of  Vi  in.  by  6  in., 
1  in.  by  6  in.,  and  2  in.  by  6  in.  In  each  case  the  orifice  was  formed 
in  a  cast  iron  plate  Vi  in.  thick  and  10 \ i  in.  in  diameter,  a  sharp  edge 
being  formed  by  beveling  at  45  degrees.  Except  for  a  few  small  nicks 
the  edges  were  sharp  and  the  areas  closely  true  to  shape.  The  dimen- 
sions of  the  orifices  were  carefully  determined  (except  for  the  1-in. 
circular  orifice)  by  an  inside  micrometer  for  dimensions  greater  than 
1  in.  and  inside  screw  calipers  for  dimensions  less  than  1  in.  A  list  of 
the  orifices  used  and  the  areas  as  determined  from  the  measured  dimen- 
sions are  given  in  Table  4.     The  1-in.  circular  orifice  was  broken  before 


Table  4 
List  of  Orifices  Used 


Form  of  Orifice 

Nominal  Size 

ItV                 \rea 
square  feet 

Circular 

1  in.  diam. 

2  in.  fliam. 
4  in.  diarn. 
6  in.  diam. 

not  measured 
0.0. 

o.« 

i)   | 

Square 

'  I  in.  by     J  2  in. 
1  in.  by        1  in. 

in. 

1  in.  by       4  in. 

111.  by  53  .■  111. 

o.o< 
0.0. 
(i  L100 
n  {106 

tangular 

1 ..  in  by  0  in. 

1  in.  by  6  in. 

0.041s 
'S38 

it-   dimension.-   were   taken   so   that    the   nominal   diai:  I    m.      hafl 

been  u^'(\  in  the  calculations.    There  may  be  some  error,  thet 

in  the  results  for  this  orifice. 
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12.  Tank  Used  and  Method  of  Experimenting. — The  same  tank 
was  used  in  all  the  experiments,  the  dimensions  and  general  arrange- 
ment of  which  is  shown  in  Fig.  11.*  The  tank  was  divided  into  two 
compartments  by  a  vertical  partition  in  which  the  orifice  was  placed, 
holding  the  orifice  in  a  vertical  plane. 

The  water  coming  from  the  laboratory  standpipe  was  supplied 
to  the  tank  through  a  6-in.  supply  pipe  and  also  through  a  %-in. 
pipe,  the  latter  making  possible  a  finer  adjustment  in  maintaining  a 
constant  head.  After  passing  through  baffle  boards  the  water  flowed 
through  the  orifice  and  finally  left  the  downstream  compartment  by 
passing  out  through  small  openings  in  the  end  of  the  tank,  the  flow 
through  which  was  regulated  by  placing  stoppers  in  some  of  the  holes. 
These  holes  were  arranged  in  two  narrow  portions  in  the  end  of  the 
tank,  one  near  each  side  of  the  tank,  and  the  stoppers  were  arranged 
so  as  to  give  nearly  a  uniform  distribution  from  each  of  the  two  sets  of 
openings.  This  arrangement,  it  was  found,  helped  to  maintain  steady 
conditions. 

The  quantity  of  water  discharged  was  determined  by  weighing  for 
the  small  discharges  and  by  measuring  in  a  pit  for  the  larger  discharges. 
The  pit  was  about  6  ft.  deep,  and  7.995  ft.  in  diameter.  The  value 
for  the  diameter  is  the  average  of  a  large  number  of  readings  of  a 
micrometer  attached  to  a  rigid  stick.  The  rise  in  the  pit  was  deter- 
mined by  a  vertical  graduated  rod  which  could  be  read  directly  to 
0.02  ft.  and  to  0.004  ft.  by  estimating.  A  float  was  attached  to  the 
bottom  of  the  rod  and  a  still  basin  was  provided.  The  water  was 
wasted  into  another  pit  through  a  movable  spout  until  the  surface 
of  the  water  in  the  measuring  pit  became  fairly  still  so  that  an  accurate 
reading  of  the  rod  could  be  taken.  A  hook  gage  was  used  to  test  the 
accuracy  of  the  float  and  rod.  At  the  end  of  the  experiment  the  water 
was  again  wasted  in  the  same  manner.  A  calibrated  stop  watch  gave 
the  time  corresponding  to  the  rise  in  the  pit. 

The  head  causing  flow  through  the  orifice  is  the  difference  in  the 
levels  of  the  water  surfaces  in  the  two  compartments  of  the  tank. 
This  head  was  measured  in  nearly  all  the  experiments  by  means  of  hook 
gages.  These  gages  were  read  directly  to  0.001  ft.  and  to  0.0005  ft. 
by  estimating.  Vertical  2-in.  pipes  attached  toward  the  bottom  of 
the  tank  served  as  still  basins  for  the  hook  gages.  The  level  of  the 
water  in  the  upstream  compartment  was  determined  by  the  use  of  one 


*A  view  of  the  tank  is  shown  in  Fig.  5  of  Bulletin  No.  96  of  the  Engineering  Experiment  Station 
of  the  University  of  Illinois. 
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hook  gage  only,  while  two  gages  were  used  on  the  downstream  com- 
partment in  the  earlier  experiments.  It  was  found,  however,  that  for 
the  lower  heads  the  two  gages  gave  practically  the  same  result,  while 
for  the  higher  heads  the  gage  nearer  the  partition  gave  less  fluctuation. 
For  these  reasons  and  because  of  less  difficulty  in  getting  simultaneous 
readings  of  only  two  gages,  it  was  decided  to  take  readings  with  one 
gage  only  on  each  compartment. 

Zero  readings  of  the  hook  gages  were  obtained  by  reading  the 
gages  when  the  tank  was  nearly  full  and  when  no  water  was  allowed 
to  escape,  the  levels  of  the  water  surfaces  in  the  two  compartments 
then  being  the  same.  Zero  readings  were  taken  frequently  during 
the  experimenting. 

For  most  of  the  heads  above  0.3  ft.,  the  head  was  measured  by 
two  vertical  peizometer  glasses,  one  attached  near  the  bottom  of  each 
compartment,  the  difference  in  readings  of  which  (corrected  for  zero 
reading)  gave  the  head  to  0.001  ft.  These  two  methods  overlapped 
somewhat  so  that  certain  heads  were  measured  by  both  methods. 

Leakage  from  the  tank  and  from  the  measuring  pit  was  determined 
several  times  during  the  progress  of  the  experimenting  and  was  found 
to  be  negligible. 

An  experiment  or  run  consisted  of  the  following:  A  sufficient 
number  of  stoppers  was  removed  from  the  end  of  the  tank  to  give  the 
desired  discharge  and  the  inflow  through  the  6-in.  and  M-in.  pipes 
was  then  adjusted  until  the  difference  in  levels  of  the  water  surfaces 
in  the  two  compartments  of  the  tank  became  constant.  The  %-in. 
supply  pipe  was  used  to  make' the  final  adjustment  of  the  head  and  to 
hold  the  head  constant  throughout  the  experiment.  After  obtaining 
a  constant  head,  the  waste  pipe[shown  in  Fig.  11  was  pulled  from  beneath 
the  discharge  pipe,  thus  allowing  the  water  to  discharge  into  the  meas- 
uring pit  until  the  rise  in  the  pit  was  sufficient  to  allow  its  measurement 
without  appreciable  error  and  also  to  allow  time  for  an  accurate  meas- 
urement of  the  head.  The  head  was  taken  as  an  average  of  from  two 
to  ten  readings  of  the  hook  gages,  the  larger  number  being  necessary 
witli  the  higher  velocities  on  account  of  the  greater  fluctuations  of  the 
water  Levels  due  to  the  more  turbulent  conditions  of  the  water,  espe- 
cially in  the  downstream  compartment.  Each  experiment  was  repeated, 
a  rule,  three  limes,  although  in  some  cases  as  many  as  eight  or  ten 
run-  were  made. 


HYDRAULIC    EXPERIMENTS  33 

13.  Method  of  Calculating  the  Coefficient  of  Discharge. — The  head, 
h,  causing  flow  through  the  orifice  is  the  difference  in  the  levels  of  tin- 
water  surfaces  in  the  two  compartments  of  the  tank.  The  Ideal  rate 
of  discharge  is  A ->j2yh  in  which  .1  is  the  area  of  the  orifice  in  square 
feet  and  g  is  the  acceleration  due  to  gravity  in  feet  per  second  per  second; 
hence  the  coefficient  of  discharge,  c,  is  found  from, 

Q 
C    A^2gh 
where  q  is  the  measured  rate  of  discharge  in  cubic  feet  per  second,  as 
determined  from  the  measured  weight  or  volume  discharged  and  the 
corresponding  time. 
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VI.     Experimental  Results  and  Discussion 

14.  Coefficients  of  Discharge.— Fig.  12,  13,  and  14  show  the 
experimental  values  of  the  coefficients  of  discharge  for  the  various 
orifices  tested.  Each  plotted  point  represents  the  average  of  from  two 
to  ten  experiments  at  practically  the  same  head.     It  will  be  noted  that 
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Fig.  12.     Diagrams  Showing  Values  of  Coefficients  of  Discharge 
of  Circular  Submerged  Orifices  for  Various  Velocities 
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Fig.  14.     Diagram-  Showing  Values  of  Coefficients  of  Disghabgi  Of 
Rectangulab  Submebged  Orifices  for  Vabioub  Velocit] 

for  an}'  given  orifice  the  coefficient  is  constant  for  the  whole  range  of 
velocity  used  in  these  experiments  which  in  most  of  the  cases  is  about 
M  ft.  per  sec.  to  1  or  5  ft.  per  sec.  This  velocity  range  corresponds 
roughly  to  a  range  in  head  of  0.006  to  0.08  ft.  and  as  may  be  expected 
the  values  of  the  coefficient  show  the  great e-t  variation  at  the  very 
low  heads. 


Table  5 

Values  oi  Coeefich  mt  "i  Dischabge  fob  Submebged  Obieices  fob  \\.\  •  »<  rnsa 
pbom  One-halt  to  Five  Feet  peb  Se<  ond 


Kind  of  <  )rifi<f 

Nominal  - 

!  tiacbarge 

1  in.  dial: 

B851 

Circular 

2  in.  dial; 

\  in  dian 

o  815 

0.600 

■ 

n.  by     }a  »"• 

(i  1  . 

1  in.  by       1  in. 

ii  610 

J  m. 

B10 

.   by       I  in. 

n  • 

m    by  .")'  ..  in. 

.    by  8  Hi. 

ii  8 

•  ilar 

1  in.  by  0  in. 

_'  in    by  fl 

1  Probably  ■omewbat    la  error   nnoe  diameter    wai  ool  1;  nomine 


36 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


Table  5  and  Fig.  15,  16,  and  17  show  how  the  coefficient  of  dis- 
charge for  the  orifices  of  any  given  shape  varies  with  the  diameter  or 
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Fig.  15.     Curve  Showing  the  Relation  between  Coefficient  of 
Discharge  for  Circular  Orifice  and  Diameter  of  Orifice 
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Fig.  16.     Curve  Showing  the  Relation  between  Coefficient  of  Dis- 
charge for  Square  Orifice  and  Side  of  Orifice 
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Fig.  17.     Curve  Showing  the  Relation  between  Coefficient  of  Dis- 
charge of  Rectangular  Orifice  and  Short  Side  of  Orifice 
(Other  Side  being  Six  Inches  in  Each  Case) 

side  of  the  orifice,  while  from  Fig.  18  a  comparison  may  be  made  between 
the  coefficients  of  discharge  for  the  different  shaped  orifices  on  the 
basis  of  their  areas.  These  figures  show  that  the  coefficient  of  discharge 
for  circular  and  square  orifices  decrease  as  the  size  increases  until  an 
area  of  8  or  10  square  inches  is  reached  after  which  the  coefficient  has 
a  constant  value  of  not  far  from  0.60.  This  indicates  that  complete 
contraction  does  not  take  place  with  the  smaller  orifices.  Because  of 
the  uncertainty  of  the  exact  diameter  there  is  some  doubt,  however, 
concerning  the  correct  value  for  the  1-in.  circular  orifice.  It  will  be 
noted  also  that  the  coefficient  of  discharge  for  the  rectangular  orifices 


HYDRAULIC     EXPERIMKNTS 


37 


:  ftecfannu/ar 

... :....!.    .^— 
■■■)■;;,  -m-m 


vS        0     2       4      6     8     10    /2     14    16     16    20    22   24    26    26   30  32 

Area  of  Orifice  -  sq.  in. 

Fig.  18.     Curves  Showing  Relation  between  Cokfficient  of 
Discharge  and  Area  of  Orifices 

remain  constant  for  the  range  of  areas  used  in  these  experiment-  and 
that  its  value  is  larger  than  that  for  circular  and  square  orifices  of  the 
same  area.  Fig.  18  indicates  furthermore  that  as  the  area  of  the  orifices 
decreases  below  8  sq.  in.,  the  coefficient  of  discharge  for  circular  orifice- 
increases  faster  than  that  for  square  orifices.  These  observations 
suggest  that  the  longer  Bide  of  the  rectangular  orifices  has  a  controlling 
influence  in  determining  the  rate  of  discharge  for  a  given  head  and 
that  the  corners  of  a  small  square  orifice  are  inefficient  in  discharging 
water  as  compared  with  the  form  of  a  circular  orifice  of  the  same  area. 

15.  Results  Obtained  by  Earlier  Experimenters. — In  order  to  com- 
pare the  results  given  in  this  bulletin  with  those  of  earlier  investigations 
and  to  extend  the  study  to  include  higher  heads  and  velocities,  the 
results  given  in  Table  6  have  been  condensed  from  available  published 
data.  It  will  be  noted  that  the  results  are  not  entirely  concordant. 
but  considering  the  different  arrangements  and  methods  of  measuring 
the  head  and  the  rate  of  discharge,  the  results  show  a  very  good  agi 
ment.  The  low  value  of  the  coefficient  of  discharge  found  by  Francis 
is  due  no  doubt  to  the  fact  that  the  rate  of  discharge  was  measured 
over  a  weir  on  which  the  head  was  rather  small.  From  Table  (i  it  will 
be  seen  that  in  some  of  the  earlier  investigations  the  coefficient  of 
discharge  increased  Blightly  with  the  head  while  in  other-  the  coeffi- 
cient decreased,  and  in  -nil  other-  it  showed  n<>  systematic  chai 
In  all  cases  the  value  of  the  coefficient  of  discharge  is  not  far  from 
0.60.    The  small  square  orifice    1.2  in.  by  1.2  in.'  used  by  Hamilton 

Smith  gave  a  slightly   larger  Coefficient    than   the  circular  orifice  with 

a  diameter  of  1.2  inches.    This  result  i-  the  reverse  of  that  found  in 

the    experiment-    described    in    this    bulletin.      The    values    also    of    the 

tiicient  of/discharge  for  circular  and  square  orifficeejaa  found  by 
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Table  6 

Results  Obtained  by  Earlier  Experimenters  on  Submerged 
Sharp-edged  Orifices 


Circular  Orifices 

Square  Orifices 

Coeffi- 

Coeffi- 

Diam- 

cient 

cient 

eter 

Head 

of 

Dimen- 

Head 

of 

Source 

inches 

feet 

Dis- 
charge 

Source 

sions 
inches 

feet 

Dis- 
charge 

d 

h 

c 

h 

c 

1.024 

.592 

0.35 

.6201 

1.324 

.592 

Hamilton  Smith,  Jr. 

9.6  by  0.6 

2.21 

.6092 

Francis 

1.22 

1.490 
1.499 
1.514 

.592 
.593 
.591 

4.06 

.6068 

0.207 
0.410 

.6117 
.6091 

0.437 

.6183 

0.771 

.6053 

Hamilton  Smith,  Jr. 

0.6 

2.16 

.6041 

Hamilton  Smith,  Jr. 

1.2  by  1.2 

1.52 

.6055 

4.08 

.6016 

2.32 
3.11 
3.95 

.6040 
.6052 
.6048 

0.250 
0 .  048 

.6048 
.6027 

0 .  985 

.6025 

2.32 

.600 

1.51 

.6006 

3.92 

.602 

Hamilton  Smith,  Jr. 

1.2 

2.00 

.6006 

7.99 

.606 

2.58 

.5997 

Ellis 

12  by  12 

11.58 

.605 

2.99 

.5989 

14.31 

.611 

3.57 

.5987 

16.22 

.606 

3.97 

.5992 

18.45 

.606 

2.60 

.607 

0.363 

.5940 

4.71 

.590 

0.750 

.5940 

6.41 

.606 

0.771 

.5932 

8.10 

.599 

0.826 

.5982 

Ellis 

12.0 

8.80 

.600 

0.905 

.5950 

12.09 

.600 

Balch 

12  by  12 

1.134 

.5960 

14.25 

.001 

1.371 

.5970 

16.29 

.602 

2.097 

.6056 

18.66 

.599 

2.636 
3.220 
3.975 

.6105 
.6095 
.6148 

0.145 
0.469 

.5909 
.  5902 

0.851 

.5912 

.05 

.626 

1.254 

.5993 

48  by  48 

.10 

.608 

Balcb 

12.0 

1.612 

.5921 

Stewart 

(3.72  in. 

.15 

.605 

2.012 

.5924 

thick) 

.20 

.605 

2.421 

.  5954 

.25 

.606 

2 .  949 

.  501)7 

.30 

.610 

3.410 
4.015 

.0000 
.  6054 

Rectangular  Ori 

ices 

0.614 

.6219 

Hamilton  Smith,  Jr. 

0.6  by  3.6 

1.63 
2.77 

.6207 
.6188 
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Hamilton  Smith  arc  slightly  less  than  those  herein  reported  in  Table  5. 
Omitting  the  values  as  given  by  Francis  it  will  be  observed  that  there 
is  very  little  difference  between  the  coefficients  for  the  small  and  tin- 
large  orifices,  the  value  of  the  coefficient  varying  only  slightly  from 
0.60.  From  the  results  obtained  in  the  present  investigation  as  given 
in  Table  5  and  in  Fig.  12,  13,  and  14,  it  will  be  Been  that  the  coefficient 
varies  more  with  the  size  of  the  orifice  than  is  shown  by  the  results  of 
the  earlier  experiment-,  as  given  in  Table  6. 

It  will  be  observed  also  that  the  coefficient  of  discharge  for  the 
rectangular  orifice  used  by  Hamilton  Smith  is  somewhat  smaller  than 
that  herein  reported.  It  may  seem  that  the  diverging  Bides  of  the 
orifices  used  in  the  experiments  reported  in  this  bulletin  (orifice  plate 
'.'-in.  thick;  would  form  a  diverging  mouthpiece,  particularly  in  the 
case  of  the  smaller  orifices,  but  experiments*  on  diverging  mouth- 
pieces have  shown  that  a  mouthpiece  having  a  total  angle  of  divergence 
of  90  degrees  has  very  little,  if  any,  effect  on  the  rate  of  discharge. 

16.     Comparison  with   Discharge   info  Air. — The  experiments  on 

sharp-edged  orifices  with  discharge  into  air  are  more1  numerous  than 
for  submerged  discharge.  The  experiments  of  BiltOD  and  to  a  less 
degree  those  by  Judd  and  King,  and  those  by  Mair  and  by  Ellis  indicate 
that  there  is  a  critical  head  for  each  circular  orifice  above  which  the 
coefficient  remains  con-taut.  BiltOD  concludes  that  "circular  orifices 
of  2'j-in.  diameter,  and  over,  under  head-  of   17  in.,  and  over,  have  a 

common  coefficient  of  discharge  lying  between  ()..")!•  and  0.60  but  which 

is  probably  about   0.598   (subjecl    to  the  head   being  not    less  than  2  or 

3  diameters)."     The  results  of  the  experiment-  of  Hamilton  Smith,  as 

i-  well  known,  indicate  that  the  coefficient  of  discharge  gradually 
decreases  a-  the  Bize  of  the  orifice  increases,  and  also  decreases  a-  the 
head  increases  until  at  a  head  of  loo  ft.  all  orifices,  regardless  of  the 
size  or  the  shape,  have  a  common  coefficient  of  discharge. 

The  result-  of  the  experiments  on  submerged  orifice-  herein  reported 
-.nn  to  indicate,  as  previously  noted,  that  orilices  having  diamel 
greater  than  about  2M  in.  (or  sides,  if  Bquare  have  a  common  co- 
efficient of  discharge  which  i-  very  close  to  0.60.  There  seems,  bow- 
ever,  to  be  no  evidence  of  a  critical  head  since  the  coefficient  remains 
constant  for  the  whole  range  of  head  used,  nor  is  there  evidence  of  a 

critical   head   m   the   re-ult-  obtained   by   earlier  experimenter-   mi   -ub- 

tnerged  orifices  a-  given  in  Table  6. 
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From  a  study  of  the  experimental  results  on  orifices  with  discharge 
into  air  it  is  believed  that  the  coefficient  of  discharge  for  submerged 
orifices  are  the  same  as  those  for  discharge  into  air  for  the  same  heads 
and  sizes  and  shapes  (except  for  very  small  heads).  It  is  doubtful  if 
the  statement  sometimes  made,  namely,  that  the  coefficient  of  discharge 
for  submerged  orifices  is  about  one  per  cent  less  than  that  for  free  dis- 
charge, is  justified. 

17.  Summary. — The  following  brief  summary  is  given  as  applying 
to  submerged  sharp-edged  orifices  for  velocities  from  %,  to  5  ft.  per  sec. 

(1)  The  coefficient  of  discharge  for  a  circular,  a  square,  or 
a  rectangular  submerged  orifice  does  not  vary  with  the  velocity. 

(2)  Circular  and  square  submerged  orifices  having  areas 
greater  than  about  10  sq.  in.  have  a  common  coefficient  of  dis- 
charge varying  but  little  from  0.60. 

(3)  Rectangular  submerged  orifices  having  one  side  from  3  to 
12  times  the  other  side  have  a  constant  coefficient  of  discharge 
which  is  larger  than  that  for  circular  and  square  orifices  of  the 
same  size,  particularly  for  the  larger  areas,  at  least  up  to  a  size 
of  12  sq.  in. 

(4)  The  flow  of  water  through  submerged  sharp-edged  ori- 
fices is  very  nearly  the  same  as  that  for  the  same  kind  of  orifices 
with  discharge  into  air,  provided  the  head  is  not  less  than  2  or  3 
diameters  when  the  discharge  is  into  air. 
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Part  III 
FIRE  STREAMS    FROM    SMALL   HOSE  AND   NOZZLES* 


VII.     Introduction 

18.  Scope  of  Experiments. — Part  III  presents  the  results  of  experi- 
ments on  l>2-in.  hose  and  nozzle-.  Both  rubber-lined  hose  and  un- 
lined  linen  hose  were  used.  Three  sizes  of  conical  nozzles  were  tested. 
the  diameters  of  the  nozzle  openings  being  H&  in.,  7Ae  in.,  and   H  in. 

The  loss  of  head  in  the  hose  due  to  friction  and  the  corresponding 
friction  factor  are  given  for  each  hose  for  a  range  in  velocity  from 
about  4  to  8  ft.  per  sec.  The  coefficient  of  discharge  for  each  nozzle 
La  recorded  for  a  range  in  pressure  at  the  base  of  the  nozzle  from  about 
10  to  85  lb.  per  sq.  in.  The  height  and  the  horizontal  distance  which 
the  jets  reached  are  also  recorded.  The  influence  of  a  cylindrical  tip 
on  a  nozzle  is  brought  out  and  some  discussion  is  given  concerning 
the  quantity  of  water  required  for  temporary  fire  protection  for  the 
interior  of  buildings. 

The  importance  of  adequate  fire  protection  has  become  so  well  rec- 
ognized that  most  buildings,  even  those  of  moderate  size,  are  equipped 
with  some  sorl  of  fire  apparatus  for  immediate  service  in  case  of  fire  in 
the  interior  of  the  building  and  until  the  city  (ire  department  arrive-. 
The  ordinary  water  bucket-  ami  portable  chemical  fire  extinguishers 
have  in  a  large  measure  been  supplemented  with  -mall  fire  hose.  lVw 
data  are  available  concerning  the  hydraulics  of  small  fire  streams. 
Many  inquiries  concerning  the  discharge  from  small  nozzles  and  the 
In--  of  head  in  small  hose  led  to  the  tests  which  are  herein  described. 
The  teste  were  undertaken  with  the  object  of  acquiring  data  and  putting 

the  results  into  BO  workable  a  form  that  it  would  be  easy  to  compute 
the  quantity  of  water  delivered  by  a  nozzle  of  the  size  ordinarily  used 
in  the  fire  protection  of  the  interior  of  buildings  or  to  compute  the 
pressure  accessary  in  the  main-  to  give  an  effective  tire  stream  from 
such  nozzles,  and  also  to  throw  some  lighl  upon  the  quantity  of  water 
which  would  be  considered  sufficient  for  temporary  protection. 


*  Th<*   ex]  1    In    I'et    in    of    tali  Bulletin  iron  reported  in  the  . -igs  of 

tin-  Fifth  Meeting  <>f  the  Minou  '•'■  ipply    ^neociation,  p    I7n,  [9]  ; 
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VIII.     Apparatus  and  Method  of  Experimenting 

20.     Host    and  Nozzles. — Rubber-lined   cotton   hose  and  unlined 
linen  hose  having  a  nominal  diameter  of  IH  in.  were  used,  the  length 

of  the  test  section  for  determining  the  lost  head  being  50  ft.  in  cadi 
case.  The  hose  taken  was  from  the  rack-  in  the  University  buildings 
and  is  representative  of  hose  of  this  size  commonly  in  ue 

Three    1^-in.   conical  nozzles  having:  different    sizes  of  openings, 
as  shown  in  Fig.  19.  were  tested.     The  Bret  nozzle  had  a  diameter  of 


*-'  u  Reamed  out  smooth 
-Machined  smooth 
J33" 

Fig.   19.     Longitudinal  Se<  pions  oi    Nozzles  Tested 


in.    The  second  aozzle  had  a  diameter  of  0. 128  in.,  which  is  ap- 
proximately 7k.  m..  and  iii  compiling  the  tables,  corrections  were  made 
90  as  to  apply  to  a  Ke-in.  aozzle.     The  third  aozzle  had  a  diameter 
of  I  •  in.    The  " i .-iii.  aozzle  was  L2  in.  long  while  the  other  two  w 
only  <>  in.  loi  .  Fig.  19  .     The  v-in.  and  the  7,,.-iii.  aozzles  w 

rough  on  the  interior  surfaces,  having  been  left  jusl  as  they  came 
from  the  mold-,  the  prints  of  the  -and  core  being  plainly  visible. 
The  tip-  had  been  smoothed  slightly  l>y  running  a  drill  through  the 
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opening,  but  the  cylindrical  portion  made  by  the  drill  was  very  short 
in  both  cases.  The  H-m.  nozzle  was  made  from  a  K6-in.  nozzle.  The 
entire  inner  surface  was  machined  smooth  and  a  K-in.  reamer  was  run 
through  the  opening  making  a  cylindrical  portion  XA  in.  long. 

21.  Method  of  Experimenting. — The  loss  of  head  was  measured 
over  a  length  of  fifty  feet  of  the  hose  by  means  of  a  differential  mercury 
gage.  The  average  pressure  at  a  section  of  the  hose  was  obtained  with 
a  piezometer  connection  or  coupling  of  the  Freeman  type.  A  cross- 
section  of  one  of  these  couplings  is  shown  in  Fig.  20.     The  discharge 


Openings, ■$  d/c 

Sec  ft  on  fl-ff 


Fig.  20.     Crosr-section  of  Piezometer  Coupling 


through  the  hose  when  determining  the  lost  head  in  the  hose  was  meas- 
ured with  a  calibrated  nozzle.  When  determining  the  coefficient  of 
discharge  for  the  nozzles  the  discharge  was  measured  by  weighing. 
The  pressure  at  the  base  of  the  nozzle  was  measured  with  a  calibrated 
pressure  gage. 

The  vertical  heights  attained  by  the  streams  were  determined  by 
means  of  a  transit  and  the  horizontal  distances  reached  were  found 
by  measuring  with  a  tape  from  stakes  which  were  driven  in  the  ground 
at  frequent  intervals  and  at  known  distances  from  the  nozzle. 
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IX.     Experimental  Results  and  Discussion 

22.  Results  from  Freeman's  Experiments. — In  1888  John  \l.  Free- 
man conducted  an  extensive  -cries  of  tests  upon  2'i-in.  fire  hose  and 
nozzles.*  In  general,  Freeman  arrived  at  the  following  conclusions: 
Smooth  conical  nozzles  give  coefficients  of  discharge  as  high  as  any 
other  form  of  nozzle,  the  jets  reach  farther  and  the  streams  remain 
solid  for  greater  distances  than  for  any  other  form  of  nozzle  of  the 
same  size  of  opening  and  with  the  same  pressure  at  the  base  of  the 
nozzle.  For  smooth  conical  nozzles  13-8  or  l'i  in.  in  diameter,  a 
coefficient  of  discharge  of  0.977  may  be  taken  with  great  confidence 
that  it  will  not  be  more  than  one-half  of  1  per  cent  in  error.  The 
coefficient  will  be  slightly  larger  for  smaller  nozzles.  The  nozzle 
makes  a  very  convenient  method  of  measuring  water.  The  friction 
is  but  slightly  more  in  smooth  rubber-lined  hose  than  in  clean  iron  pipe 
of  the  same  diameter.  The  friction  in  unlined  linen  hose  is  about 
two  and  one-third  times  as  much  as  in  smooth  rubber-lined  hose. 
A  hose  elongates  from  2  per  cent  to  5  per  cenl  with  a  pressure  of  50 
lb.  per  sq.  in.  This  elongation  produces  a  sinuosity  which  increases 
the  loss  of  head  about  6  per  cent.  Care  should  be  exercised  that 
there  is  no  abrupt  change  of  section  in  the  hose  coupling  and  that 
no  washers  or  gaskets  are  so  left  as  to  impede  the  flow  of  water. 

It  is  frequently  recommended  that  a  250  gal.  per  min.  fire  stream 
be  used  in  business  districts,  while  a  175  or  a  200  gal.  per  min.  stream 
may  be  used  in  a  residential  district.  These  discharges  correspond  to 
a  nozzle  pressure  of  40  to  50  11).  per  sq.  in.,  and  a  hydrant  pressun 
80  to  110  lb.  per  sq.  in.  These  values  refer  to  outside  Bervice.  Table 
7  gives  data  for  2M-in.  hose  an  I  nozzles  for  three  different  sizes  of 
nozzle  opening  taken  from  Freeman's  results.  This  table  i-  con- 
venient for  m airing  calculations  lor  outside  fire  protection. 

23.  Experimental  Data.  Table  s  gives  the  more  important  data 
of  the  experiment-  with  0086  and  nozzles  herein  reported.      Values  are 

given  for  the  pressures  at  the  base  of  the  nozzles,  the  discharges,  the 
loss  of  head  in  the  hose,  and  the  vertical  and  horizontal  distanc  thcd 

by  the  jets,    other  results  discussed  have  been  calculated  from  the 
data  in  this  table. 
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Table  7 

Freeman's  Results  for  1-in.  I^-in.  and  134-in.  Nozzles  Attached 

to  23^-in.  Hose 

1-inch  Nozzle 


Pressure 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Base  of 
Nozzle 

Rubber 
Lined 

Unlined 
Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 
sq.  in. 

Gallons  per 
minute 

Lb.  per 
sq.  in. 

Lb.  per 

sq.  in. 

Feet 

Feet 

Feet 

20 
30 
40 
50 
60 
70 

132 
161 
186 
208 
228 
246 

5 
7 
10 
12 
15 
17 

10 
15 
20 
25 
30 
35 

35 

51 
64 
73 

79 

85 

37 
47 
55 
61 

67 

72 

77 
109 
133 
152 
167 
179 

m 

-inch  Nozzle 

Pressure 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Base  of 
Nozzle 

Rubber 
Lined 

Unlined 

Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 

sq.  in. 

Gallons  per 
minute 

Lb.  per 
sq.  in. 

Lb.  per 

sq.  in. 

Feet 

Feet 

Feet 

20 

IDS 

8 

16 

36 

38 

80 

30 

206 

12 

25 

52 

50 

115 

10 

238 

16 

33 

65 

59 

142 

r,t) 

266 

20 

41 

75 

66 

162 

>,<) 

29] 

24 

49 

83 

72 

178 

70 

■■',  1  \ 

28 

57 

88 

77 

191 
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l '  [-inch  Nozzle 


Pressure 

Disci 

1                         I  in 
100 

Vertical 
1 1'  ight  of 

.!>  t  for 
Good  Fire 

;m 

Horizontal  Distal 

Base  of 

Nozzle 

Rubber 
Lined 

Unlined 
Linen 

for 
Good  Fire 
Stream 

Extreme 

I)r"; 
Level 

■  zzle 

Lb.  per 

sq.  in. 

( lallonfl  per 

minute 

Lb.  per 

sq.  in. 

Lb.  per 

sq.  in. 

1  ■    ' 

1 

30 

209 

12 

2.") 

37 

40 

83 

90 

19 

53 

:>i 

ll'.» 

10 

2.". 

.'.I 

G7 

1  18 

50 

831 

31 

63 

77 

7c 

109 

369 

37 

76 

M 

186 

70 

43 

88 

91 

81 

Table  8 

Ri.m  i.i-   OF   EXPCRIMENTS    \l     UnTVEBSITJ    Of    [LLINOI8    with    "'  i  ,;-l.\.,  "  [ ,  ,-i  N  . 
WD    '  2-IN'-    NOZZLES    ATTACHED    l"    l'_-l\.    BOB! 

•"' i,,-in"<h  Nozzle 


Ph  - 

■     of 

I  focharge 

1  ■  me  ■  :  \\<  ad  in 

100    : 

\  ertieeJ 

it  of 

for 

mi 

1 1    rizoiital   I  >     ' 

Rubber 
Lined 

I'niined 

Linen 

.let    for 
III! 

erne 

I  >!'•; 

.  el 

111 

in 

( Salloi 

minute 

F.I)    ; 
in. 

Lb    : 

in. 

1  .  •  • 

80 
10 
50 

7m 

M 
100 

I J 

1.-, 

17 

I't 

21 
23 
2  1 

.7 
1    1 
l  5 
l   B 

1   3 
i  9 

3   2 

10 

i:» 

is 
21 

71 

79 

|n7 
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%6-inch  Nozzle 


Pressure 

Base  of 
Nozzle 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Rubber 
Lined 

Unlined 
Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 

sq.  in. 

Gallons  per 
minute 

Lb.  per 
sq.  in. 

Lb.  per 
sq.  in. 

Feet 

Feet 

Feet 

20 
30 
40 
50 
60 
70 
80 
90 
100 

25 
30 
35 
39 
43 
47 
50 
53 
56 

2.8 

4.2 

5.6 

7.0 

8.5 

9.8 

11.1 

12.7 

14.1 

5.1 

7.7 
10.2 
12.8 
15.3 
17.8  . 
20.3 
22.9 
25.5 

23 
27 
30 
32 
33 
34 
35 
36 
37 

10 
13 
16 
18 
20 
21 
23 
24 
25 

45 
54 
63 
70 
77 
84 
94 
99 
106 

3^-inch  Nozzle 


Pressure 
Base  of 
Nozzle 

Discharge 

Loss  of  Head  in 
100  Feet  of  Hose 

Vertical 
Height  of 

Jet  for 
Good  Fire 

Stream 

Horizontal  Distance 

Rubber 
Lined 

Unlined 
Linen 

Jet  for 

Good  Fire 

Stream 

Extreme 
Drops  at 

Level 
of  Nozzle 

Lb.  per 

sq.  in. 

Gallons  per 
minute 

Lb.  per 
sq.  in. 

Lb.  per 

sq.  in. 

Feet 

Feet 

Feet 

20 
30 
40 
50 
60 
70 
SO 
90 
100 

■■V.', 
10 

46     • 

52 

57 

61 

65 

69 

73 

5.2 
7.7 
10.2 
12.8 
1 5   1 
18.0 
20.5 
23.0 
25 . 6 

9.5 
14.4 
18.8 
23.8 
28.5 
32.7 
38.4 
42.0 
47.0 

34 
37 
38 
39 
40 
41 
42 
.  43 
44 

15 
20 
25 
30 
33 
37 
40 
43 
46 

63 
79 
91 
102 
111 
120 
127 
134 
140 
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24.     Friction  Factors.— The  curves  of  Fig.  21  show  the  friction 
factors  for  each  kind  of  hose  used  and  for  velocities  in  the  hose  ranging 
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Ik..  21.     Diagram  Showing   Fiuctiom   1  i\   Kcuhlu-i.ixki)  and 

r.M.iM.D   II 

from  4  to  8  ft.  per  sec.     These  curves  cover  the  range  of  velocil 
which  would  be  met  in  ordinary  use.     The  friction  factor/  ifl  computed 

from  the  formula 

/i  =  hcad  lost  in  feel  of  water 

/  =  length  of  hose  in  feet 

j= diameter  o!  hose  in  feet 

p= velocity  of  the  water  in  the  hose  in  feel  per  second 

g  =  acceleration  due  to  gravity  in  feel  per  second  per  second 

The  loss  of  head  in  the  rubber-lined  hose  varies  almosi  directly 
as  the  square  of  the  velocity  and  ba  about  the  same  as  the  loss  of  h 
in  clean  iron  pipe  of  the  same  diameter.    The  friction  factor  for  the 
unlined  linen  hose  decreases  as  tic  velocity  inci  or  in  oiler  words 

the  loss  of  head  doe-  imi  vary  directly  as  the  square  of  the  velocity, 
the  ratio  of  the  losi  head  to  the  square  of  the  velocity  being  larger  for 

the  lower  velocities      The  reason   that    the  friction   factor    for  nnlined 

linen  hose  decreased  more  rapidly  with  the  velocity  than  does  that  for 
rubber-lined  cotton  hose  may  he  that  the  diameter  of  the  nnlined  h 
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is  increased  more  than  that  of  the  rubber-lined  cotton  hose  by  the 
increasing  pressures  which  accompany  the  increasing  velocities.  This 
would  make  the  value  of  d  larger  and  the  value  of  v  smaller  in  the  equa- 
tion for  /  than  was  actually  used.  It  is  probable,  furthermore,  that  the 
increasing  pressure  decreases  the  roughness  of  the  unlined  linen  hose 
more  than  it  does  for  rubber-lined  hose.  In  general  the  lost  head  in 
the  unlined  linen  hose  is  about  twice  as  great  as  in  the  rubber-lined 
cotton  hose.  If  an  average  value  of  the  friction  factor  (0.06)  is  used 
for  the  unlined  linen  hose,  no  great  error  will  enter  into  the  results 
under  ordinary  circumstances.  The  length  of  hose  will  ordinarily  not 
be  mose  than  100  feet  and  for  this  length  about  10  lb.  per  sq.  in.  will 
be  the  maximum  loss  of  head  in  the  unlined  linen  hose  under  working 
conditions  with  nozzles  giving  streams  up  to  YA  in.  in  diameter.  An 
error  as  large  as  10  per  cent  in  the  calculation  of  the  loss  of  head  in 
the  hose  would  affect  the  nozzle  pressure  not  more  than  one  pound 
per  square  inch. 
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Fig.  22.     Diagram  Showing  Coefficients  of  Discharge  of  Nozzles 

While  the  loss  of  head  in  the  unlined  linen  hose  is  about  twice  as 

great  as  the  loss  of  head  in  the  rubber-lined  hose,  the  linen  hose  has 

eral  advantages.     It  is  much  lighter  to  handle,  folds  up  in  less  space 

on  the  wall  racks,  costs  only  about  50  to  60  per  cent  of  the  cost  of 

rubber-lined  hose  and,  in  an  ordinary  building,  its  life  is  much  longer. 


25.     Coefficients  of  Discharge. — The  coefficients  of  discharge  for 
each  of  the  three  sizes  of  nozzles  are  given  in  Fig.  22  for  pressures 
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at  the  l>ase  of  the  nozzle  ranging  from  about  10  to  85  lb.  per  sq.  in. 
This  range  of  pressures  corresponds  t<>  a  range  in  the  velocity  of  the 
issuing  jet  from  a  minimum  of  about  35  ft.  per  sec.  with  the  'j-in. 
nozzle  to  a  maximum  of  about  L85  ft.  per  sec.  with  the  'i,.-iu.  nozzle. 
The  coefficient  of  discharge  is  the  ratio  of  the  measured  discharge  to 
the  ideal  discharge.  The  measured  discharge  was  weighed  and  the 
volume  computed  from  the  weights.  The  ideal  discharge  was  com- 
puted from  the  formula 

q  =  A  V2^ 
g= discharge  in  cubic  feet  per  second.     A  =  area  of  the  opening  of  the 

nozzle  in  square  feet.  g= acceleration  due  to  gravity  in  feet  per 
second  per  second,  ft = pressure  at  the  base  of  the  nozzle  in  feet  of 
water.  The  velocity  of  approach  to  the  nozzle  was  negligible  and 
was,  therefore,  not  considered  in  the  equation  for  the  ideal  discharge. 
The  pressure  at  the  base  of  the  nozzle-  was  measured  with  calibrated 
pressure  gages. 

The  coefficient  of  discharge  for  the  K6-in.  and  the  '.-in.  n«>zzle< 
is  nearly  constant  for  all  pressures  and  averages  0.98.  Tic  coefficient 
is  slightly  lower  than  0.98  for  the  7iVin.  nozzle  at  the  higher  pressures. 
The  ?i6-in.  nozzle  gives  a  coefficient  of  0.95.  The  Ke-in.  nozzle  i-  12 
inches  long  while  the  other  two  are  only  6  inches  long,  and  this  great 
length  adds  somewhat  to  the  friction  and  lower-  the  coefficient  of 
discharge  for  the  "i.,-in.  nozzle. 

The    "'1.,-in.   and    the    T i .,-in.  nozzles    were    rough   on  the    interior 

surfaces,  having  been  left  just  as  they  came  from  the  molds.  The 
tips  had  been  smoothed  slightly  by  running  a  drill  through  the  opening, 

but  the  cylindrical  portion  made  by  the  drills  was  very  short  in  each 
case  and  the  nozzles  gave  streams  which  sprayed  badly  a  Bhort  distance 

away.      The   '-in.  nozzle  was  mad.-  from  a  7n,-in.  nozzle.      The  entire 

inner  surface  was  first  machined  out  in  hopes  that  it  would  prevent 
the  spraying  of  the  jet,  but  the  n.>zzl<-  gave  a  stream  which  appeared 

no   better   than   before   machining.      Then  a  '"';j-m.  reamer  and  finally 

a  'j-in.  reamer  were  run  through  the  opening,  each  reducing  the  spray- 
ing. The  ' --in.  reamer  made  the  cylindrical  portion  of  the  opening 
'.'-in.  long,  and   the  resulting  nozzle  gave  a  very  good  stream.     An 

opening   larger   than    'j-iu.   could    not    be   made   in   the   nozzle    1 

of  the  thinness  of  the  walls. 

26.      Heighi  mnl  Horizontal  I)  I ■■   .      The  heights  and  the 

horizontal  distances  reached  by  the  jet-  from  each  of  the  three  n 
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used  are  given  in  Table  8.  As  stated,  the  vertical  heights  were  meas- 
ured by  means  of  a  transit  and  the  horizontal  distances  were  measured 
with  a  tape^from  stakes  which  were  driven  in  the  ground  at  frequent 
known  space  intervals.  The  observations  were  made  when  a  moderate 
wind  was  blowing  which  interfered  with  the  streams  considerably.  A 
stream  was  considered  good  for  the  distance  in  which  practically  all  the 
water  would  pass  through  a  circle  whose  diameter  was  18  inches. 
The^value  was  an  arbitrary  selection  and  the  streams  might  be  con- 
sidered by  some  as  effective  for  greater  distances  than  those  given  in 
Table  8.  The  streams,  however,  beyond  the  sections  chosen,  diverged 
rapidly  and  the  selection  of  a  circle  larger  than  18  inches  would  have 
added  but  a  few  feet  to  the  distances  given  in  Table  8  in  any  case. 

27.  Effect  of  Cylindrical  Tip. — The  tests  show  clearly  the  impor- 
tance of  a  smooth  cylindrical  opening  at  the  tip  of  the  nozzle.  A  com- 
parison of  the  results  of  the  tests  on  the  K6-in.  and  the  M-in.  nozzles 
for  vertical  heights  and  horizontal  distances  of  the  jets  will  show  this 
difference.  In  the  case  of  the  K6-in.  nozzle  with  a  pressure  of  30  lb. 
per  sq.  in.  at  the  base  of  the  nozzle  the  vertical  height  of  the  jet  was 
27  ft.  as  compared  with  37  ft.  for  the  [M-in.  nozzle  for  the  same  pressure. 
Likewise  the  horizontal  distance  reached  with  the  K6-in.  nozzle  was 
13  ft.  as  compared  with  20  ft.  with  the  K-in.  nozzle.  Similar  com- 
parisons may  be  made  for  other  pressures  at  the  base  of  the  nozzle. 
The  appearance  of  the  jets  showed  a  much  greater  difference  than 
the  data  would  indicate.  It  must  be  remembered  that  the  two  nozzles 
were  alike  and  gave  streams  which  appeared  to  be  the  same  before 
one  was  reamed  out  to  a  larger  size. 

It  will  be  noted  also  that  in  the  case  of  the  ^6-in.  nozzle  for  a 
pressure  of  30  lb.  per  sq.  in.  at  the  base  of  the  nozzle,  the  vertical  and 
horizontal  distances  reached  by  the  stream  were  respectively  32  and 
18  ft.,  which  indicate  that  the  improvement  in  the  carrying  capacity 
of  the  Vi-m.  nozzle  over  that  of  the  %6-in.  nozzle  was  not  due  to  the 
smoother  condition  of  the  interior  surface  of  the  M-in.  nozzle,  but 
rather  to  the  effect  of  the  cylindrical  tip.  The  condition  of  the  interior 
surface  of  the  nozzle  to  within  one-half  inch  of  the  end  does  not  seem 
to  affect  appreciably  either  the  quantity  of  discharge  or  the  quality 
of  the  stream. 

It  seems  important,  therefore,  that  the  tip  of  the  nozzle  should 
be  reamed  out  for  a  distance  of  at  least  M  in.  in  order  to  obtain  a  good 
fire  stream.     It  is  probably  true  also  that  for  nozzles  somewhat  larger 
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than  those  used  in  these  experiments  the  length  of  the  cylindrical 
portion  should  be  more  than  H  in.,  perhaps  equal  to  the  diameter 
of  the  issuing  stream. 

28.  Requirements  for  Temporary  Fire  Protection  for  the  Interior 
of  Buildings. — Small  fire  hose  and  nozzles  should  he  used  as  a  tem- 
porary protection  and  brought  into  play  until  greater  relief  is  at  hand. 
They  must  necessarily  operate  under  ordinary  working  pressures  in 
the  mains  more  often  than  under  fire  pressures.  With  40  II).  per 
sq.  in.  as  an  average  pressure  in  the  mains,  there  should  be,  after 
deducting  for  losses  in  the  hose  and  connecting  pipes,  about  30  11). 
per  sq.  in.  at  the  nozzle.  This  pressure,  of  course,  would  be  still 
further  reduced  if  the  nozzle  used  was  at  a  higher  elevation  than  the 
main.  With  a  nozzle  pressure  of  30  lb.  per  sq.  in.  the  M-in.  nozzle 
will  discharge  40  gal.  per  min.,  the  JiVin.  and  the  "  iVin.  nozzles  will 
discharge  30  and  15  gal.  per  min.,  respectively.  It  is  felt  that  the 
discharge  from  the  two  smaller  nozzles  is  not  great  enough  for  effective 
work.  It  is  true  that  the  pressure  at  the  nozzle  for  the  smaller  sues 
with  a  given  pressure  in  the  main  will  be  somewhat  greater  than  for 
the  H-ilL  nozzle,  because  of  the  decreased  velocity  in  the  hose  which 
will  give  a  smaller  loss  of  head,  but  this  difference  in  pressure  will  not 
be  enough  to  increase  the  discharge  materially  for  an  ordinary  length 
of  hose.  The  discharge  from  the  f'l'.i-in.  nozzle  is  too  small  to  be  very 
effective  even  at  higher  pressures.  The  discharge  for  a  pressure  of 
100  lb.  per  sq.  in.  is  but  28  gal.  per  min.  It  is  recommended  that 
'2-in.  nozzles  be  used  with  l'_>-in.  hose.  For  nozzles  larger  than  H 
in.,  the  discharge  would  become  greater  and  increase  the  loss  of  head 
in  the  hose  to  such  an  extent  that  there  would  not  be  enough  ooisle 
pressure  left  to  produce  a  stream  which  would  carry  a  sufficient  distance. 

With  the  aid  of  the  tables  the  discharge  for  any  of  the  nozzles 
may  be  readily  computed  for  any  pressure  in  the  mains.  If  the  nozzle 
is  at  a  higher  elevation  than  the  main,  subtract  from  the  pressure  in 
the  main  an  amount  equal  to  0.434  times  the  difference  in  elevation  in 
feet  between  the  nozzle  and  the  main.  Take  a  discharge  from  the 
table  for  any  pressure  at  the  base  of  the  nozzle  for  the  -i/.e  of  DOSsle 
OSedj  then  take  the  corresponding  value  of  the  head  lost  in  the  kind  (^i 

boss  used,  multiply  this  value  by  the  length  of  hose  in  feet  used  and 

divide   by    100.     The   result   gives   the   total    los<   in   the   hose   (6f   the 

assumed  discharge.     If  there  is  any  connecting  pipe,  the  lose  in  it  will 

be  the  same  as  the  loss  in  a  corresponding  length  of  rubber-lined  hose. 
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Add  the  losses  in  the  pipe  and  hose  to  the  pressure  at  the  base  of  the 
nozzle  for  the  assumed  discharge  to  obtain  the  pressure  in  the  main 
(corrected  for  the  difference  in  elevation)  necessary  to  produce  this 
discharge.  The  discharge  will  vary  as  the  square  root  of  this  pres- 
sure. Letting  qf  =  the  assumed  discharge,  P'  =  the  pressure  in  the  main 
(corrected  for  the  difference  in  elevation)  which  will  produce  this  dis- 
charge, q  =  the  discharge  to  be  determined,  P  =  the  actual  pressure  in 
the  mains  and  H  =  difference  in  elevation  between  the  nozzle  and  the 
main  in  feet  gives  the  relation 


=  9'V 


P-OAUH 


P' 

which  gives  the  required  discharge. 

To  illustrate  the  use  of  the  formula  the  following  assumptions  are 
made.  Pressure  in  mains,  P  =  60  lb.  per  sq.  in.,  80  ft.  of  linen  hose, 
50  ft.  of  lM-in.  connecting  pipe,  elevation  of  nozzle  above  main  30  ft. 
and  M-in.  nozzle  used. 

Assume  a  discharge  of  46  gal.  per  min.  and  from  the  table  the 
following  values  are  obtained: 

Nozzle  pressure      '        =40 

T        .    ,  80X18.8     1K  n 

Loss  m  hose  =  — r^j —  =  15.0 

T  50X10.2      _  , 

Loss  in  pipe  =  — ^ - —  =  5.1 

Total     =  P'  =  607l 

Substituting  in  the  formula 

g  =  40.7  gal.  per  min. 

The  following  method  may  be  used  to  determine  the  discharge 
for  any  size  of  nozzle  for  any  pressure  in  the  mains.  Assume  any 
pressure  at  the  base  of^the  nozzle,  hf,  in  feet  of  water.  The  discharge 
for  this  pressure  may  be  determined  by  the  formula 


q'=cA^2gh' 

q'  =  discharge  in  cu.  ft.  per  sec. 

c  =  coefficient  of  discharge  and  may  be  taken  as  0.98 
A—  area  of  opening  of  nozzle  in  sq.  ft. 
2<7  =  64.4  ft.  per  sec.  per  sec. 
Determine  the  velocity  in  the  hose  for  this  discharge  from  the 
formula 
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a 
v  =  velocity  in  hose  in  ft.  per  sec. 
a  =  area  of  hose  in  sq.  ft. 
Determine  the  loss  in  the  hose  from  the  formula 

/*2  =  head  lost,  in  feet 
f=  friction  factor  which  may  be  taken  as  0.03  for  rubber  lined 

hose  or  0.06  for  unlined  linen  hose 
1  =  length  of  hose  in  feet 
d  =  diameter  of  hose  in  feet 
v= velocity  in  hose  in  ft.  per  sec. 
2g  =  64.4  ft.  per  sec.  per  sec. 

If  there  is  any  pipe  connecting  the  hose  to  the  main,  the  loss  for 
it  may  be  computed  by  the  same  formula  as  for  the  hose,  using  0.03 
for  the  friction  factor  for  l'j-in.  pipe.     Call  this  lost  head  h3. 

The  pressure  in  the  main  to  give  the  assumed  nozzle  pressure  is 

//'  =  /<'  +  />,  +  //., 
This  pressure  will  be  in  feet  of  water.     Then  using  the  relation 


-'V! 


gives  the  required  discharge.     If  the  main  is  below  the  nozzle,  subtract 
the  difference  in  elevation  in  feet  from  //  in  the  formula. 

It  is  recognised  that  this  method  is  not  strictly  accurate  aince  the 
head  does  n<>i  vary  exactly  ;t-  the  square  of  the  discharge,  but  the 
results  obtained  will  be  close  enough  for  practical  u 

29.  Summary. — The  following  brief  summary  is  given  as  applying 
to  -mall  hose  and  aossles  with  velocities  in  the  hose  ranging  from  about 
1  to  s  ft.  per  sec.  and  with  pressures  at  the  base  of  the  nozzle  ranging 
from  about  in  to  s"»  lb.  per  Bq.  in. 

(1)    The  friction  factor   /  in  the  equation  for  the  loei  head. 


i  2a/ 


,  for  rubber-lined  hose  varies  but  little  with  the  velocity 
in  the  hose  and  is  Dearly  the  same  as  for  clean  iron  pipe  of  the  same 

diameter. 
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(2)  The  friction  factor  for  unlined  linen  hose  decreases  as 
the  velocity  increases.  In  general  the  loss  of  head  in  unlined  linen 
hose  is  about  twice  as  great  as  in  rubber-lined  hose  of  the  same 
diameter  and  for  the  same  velocity. 

(3)  The  nozzle  should  have  a  smooth  cylindrical  tip  at  least 
one-half  inch  long  to  keep  the  jet  from  spraying.  A  cylindrical 
tip  is  a  much  more  important  factor  in  securing  a  good  fire  stream 
than  a  smooth  surface  in  the  interior  of  the  nozzle. 

(4)  Nozzle  openings  commonly  in  use  to  supply  fire  streams 
in  the  interior  of  buildings  seem  too  small  for  adequate  temporary 
fire  protection.  It  is  recommended  that  a  nozzle  with  a  K-in. 
opening  be  used  with  a  lM-in.  hose  in  order  to  secure  a  sufficient 
quantity  of  water  for  an  effective  fire  stream. 

(5)  The  coefficient  of  discharge  of  a  small  conical  nozzle 
varies  but  little  with  the  velocity  and  is  close  to  0.98.  The  value 
of  0.95  obtained  with  the  %6-in.  nozzle,  which  was  12  in.  long  as 
compared  with  6  in.  for  the  other  nozzles  tested,  indicates,  how- 
ever, that  the  nozzle  should  be  short  to  obtain  the  value  of  0.98. 
A  cylindrical  tip  on  the  nozzle  seems  to  have  little  influence  on 
the  coefficient  of  discharge. 
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Part  IV 
THE  ORIFICE   BUCKET   FOR   MEASURING    WATER 


X.     Introduction 

30.  Purpose. — The  purpose  of  Part  IV  is  to  describe  a  method 
of  measuring  water  by  means  of  a  simple,  portable,  and  inexpensive 
device,  here  called  an  orifice  bucket,  and  to  present  experimental  data 
applying  thereto  for  a  range  of  conditions  sufficient  to  indicate  that 
the  device  is  reliable  for  use  in  engineering  practice.  An  orifice  bucket 
is  a  cylindrical  vessel  into  which  water  to  be  measured  falls  vertically 
and  passes  out  through  a  number  of  holes  or  orifices  in  the  bottom. 
A  vertical  glass  tube  placed  just  outside  the  bucket  is  connected  to  the 
sides  of  the  bucket  near  the  bottom,  and  the  height  of  the  water  in 
the  tube  indicates  the  head  on  the  orifice. 

The  orifice  bucket  was  devised  for  the  purpose  of  measuring  the 
discharge  of  several  artesian  wells  pumped  by  means  of  air  lift,  the 
water  from  each  of  which  discharged  into  a  separate  cistern  or  small 
reservoir  through  a  vertical  pipe.  In  each  case  the  water  left  the  pipe 
with  considerable  blast  and  momentum.  Several  possible  methods 
for  the  measurement  of  the  discharge  were  considered  but  were  thought 
to  be  impracticable  for  various  reasons  or  inapplicable  for  the  particular 
After  some  preliminary  laboratory  experimenting  an  orifice 
bucket  was  devised  which  served  very  satisfactorily  in  determining  the 
discharge  from  each  of  the  wells.  It  was  at  first  feared  that  the  water 
would  enter  the  bucket  with  such  a  blast  that  entrained  air  would  enter 
the  vertical  glass  tube  and  cause  trouble  in  determining  the  height  of 
water  in  the  bucket.    There  was.  however,  no  trouble  from  this  cause 

and  the  fluctuation-  of  the  water  level  in  the  glass  tube  offered  no  seri- 
oofl  difficulties. 

The  orifice  bucket  ha-  also  given  satisfaction  in  teatfl  made  to  deter- 
mine yields  of  well   pumps  of  the  reciprocating  type.      It   should  give 

satisfactory  results  in  the  field  where  simplicity  of  construction  and 
portability  ar»-  desirable  and  where  extreme  accuracy  is  not  of  gn  at 
importance 
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XI.     Apparatus  and  Method  of  Calibrating 

32.  Orifice  Bucket. — Fig.  23  shows  the  construction  and  dimen- 
sions of  one  of  the  first  orifice  buckets  used  in  the  experiments,  and 
Fig.  24  shows  the  bucket  in  use.     This  bucket  weighed  23  11). 

As  previously  stated  an  orifice  bucket  is  a  cylindrical  vessel  having 
holes  or  orifices  in  its  bottom  and  into  which  water  to  be  measured 
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falls  vertically,  the  head  of  water  on  the  orifices  being  indicated  by 
the  height  of  the  water  in  a  vertical  glass  piezometer  tube  attached 
near  the  bottom  of  the  bucket. 

Fig.  25  shows  the  construction  of  the  most  elaborate  orifice  bucket 
which  has  been  used.  It  is  provided  with  a  short  tube  checker-work 
to  smooth  out  the  flow  of  the  water  on  its  way  to  the  orifices  in  the 
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Fia.  25.     Twenty-inch  Orifice  Bucket  Having  Nineteen  Orifices 


Pic.  24     Vn  \\  Showing  Orifici    Buckei  in  Use 
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bottom  of  the  bucket.  The  vertical  glass  tube  is  connected  to  a 
piezometer  chamber  or  ring  around  the  base  of  the  bucket,  pressure 
being  transmitted  to  the  piezometer  ring  through  a  large  number  of 
small  holes. 

The  orifice  bucket  may  be  adapted  for  the  measurement  of  water 
for  a  considerable  range  in  the  discharge  by  varying  the  head  on  the 
orifices  and  also  by  varying  the  number  of  holes  which  are  stopped  or 
plugged  with  corks  or  wooden  stoppers.  The  range  in  the  capacities 
of  the  orifice  buckets  which  have  been  used  is  from  about  40  to  1000 
gal.  per  min. 

33.  Method  of  Calibrating  Orifice  Backet. — In  calibrating  the  ori- 
fice bucket  it  was  hung  underneath  a  vertical  pipe  as  shown  in  Fig.  24. 
The  quantity  of  water  discharged  was  measured  with  a  6-in.  Venturi 
meter  in  most  of  the  calibration  tests  although  a  calibrated  measuring 
pit  was  used  in  some  of  the  tests  to  determine  the  volume  discharged 
in  a  given  time. 

With  a  given  number  of  holes  open,  the  flow  in  the  orifice  bucket 
was  regulated  by  means  of  a  valve  between  the  Venturi  meter  and  the 
bucket  until  the  height  in  the  bucket  remained  constant.  The  Venturi 
meter  reading  and  the  head  on  the  orifices  were  then  taken.  This 
procedure  was  repeated  for  several  different  heads  and  for  different 
numbers  of  orifices  open. 

The  effect  of  varying  the  conditions  of  flow  was  investigated  some- 
what. The  height  of  the  free  fall  of  the  water  from  the  inflow  pipe  to 
the  orifice  bucket  was  varied;  likewise  different  sizes  of  pipe  were  used 
giving  different  velocities  to  the  stream  entering  the  bucket.  The 
stream  was  also  allowed  to  enter  near  to  one  side  of  the  bucket  instead 
of  at  the  center.  Different  groupings  of  the  open  orifices,  furthermore, 
were  tried,  and  different  methods  were  employed  in  attempting  to 
spread  or  distribute  the  inflowing  stream. 

In  using  the  orifice  bucket  it  is  necessary  to  estimate  the  average 
head  shown  in  the  glass  tube  because  there  is  some  fluctuation.  The 
amount  of  the  iluct nation  may  be  reduced  by  throttling  the  valve  in 
the  connection  of  the  glass  tube  to  the  orifice  bucket.  If  the  proper 
conditions  are  observed,  there  should  be  little  trouble  from  this  source. 

It  should  be  remembered  that  the  rate  of  discharge  is  proportional  to 

the  Square  root  of  the  head  and  that  the  effect  of  the  error  which  might 
occur  in   the   head   reading   itself   is  thus   reduced   in  determining  the 

discharge. 
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XII.     Experimental  Data  and  Discussion 

34.  Fifteen-inch  Orifice  Bucket  Having  Fifty-six  Orifices. — Fig.  26 
shows  the  calibration  curves  for  the  15-inch  orifice  bucket  shown  in 
Fig.  23  and  24.  There  were  fifty-six  1-in.  holes  in  the  bottom  of  the 
bucket  giving  a  maximum  capacity  of  about  1000  gal.  per  min.  With 
all  the  orifices  open  the  rate  of  discharge  was  varied  from  about  600 
to  1000  gal.  per  min.  by  varying  the  head  from  about  %  ft.  to  2  ft. 
With  thirty-two  orifices  open  the  discharge  had  a  range  of  about  300 
to  600  gal.  per  min.  by  varying  the  head  from  about  YA  ft.  to  2.5  ft. 
In  closing  the  twenty-four  orifices,  corks  were  used  of  such  size  that 
they  projected  but  little  into  the  bucket.  It  was  found  that  in  filling 
the  orifices  a  symmetrical  arrangement  gave  somewhat  steadier  action, 
particularly  when  the  orifices  near  the  circumference  were  the  ones 
filled.     The  inflowing  stream  was  discharged  from  an  8-in.  pipe.     A 


IOOO 

£ 

1 

0,  „ 

Artf} 

e* 

0 

.  ouu 

1 

ri" 

6» 

J* 

^600 

tj 

P 

er 

^5 

c^ 

yV< 

o 

tf 

>li 

;5 

0 

"o 

£400 

^ 

fi 

ni 

* 

3i 

^ 

cy 

c^ 

o 

* 

cUU 

O 

OS  JO  AS  2.0 

/iead  in  feet 


es 


3.0 


Ik;.  20.     Calibbatiom  Cubvbs  for  15-inch  Orifice  Bucket  Having 

Fifty-six  Orifices 


HYDRAULIC     EXPERIMENTS  73 

3-in.  pipe  was  also  tried  but  did  not  give  satisfactory  results,  on  account 
of  the  high  velocity  which  produced  an  extremely  agitated  condition 
of  the  water  in  the  bucket.  This  condition  may  be  overcome,  however, 
by  use  of  a  deflector  or  distributor,  such  as  an  open  bag  or  sack  attached 
to  the  end  of  the  discharge  pipe. 

The  rate  of  discharge  for  any  other  number  of  open  orifices  for  this 
bucket  may  be  obtained  from  the  equation 

5=12.8  n^h 

which  represents  fairly  well  the  relation  between  the  quantity,  q,  in 
gal.  per  min.,  the  number  of  orifices  open,  n,  and  the  head  in  the 
bucket,  h,  in  ft.  The  experiments  give  an  average  coefficient  of  dis- 
charge for  the  1-in.  orifices  of  this  bucket  of  about  0.63. 

35.  Fifteen-inch  Orifice  Bucket  Having  Only  Three  Orifices. — 
Fig.  27  shows  an  orifice  bucket  of  the  same  dimensions  as  the  one  just 
described  but  with  three  iron  tubes  about  1  in.  long  inserted  in  a  1-in. 
wooden  bottom.  It  was  provided  with  two  screens  through  which  the 
water  passed  on  its  way  to  the  orifices  in  the  bottom  of  the  bucket. 

Fig.  27  also  shows  the  calibration  curves  for  this  orifice  bucket. 
It  will  be  noted  that  the  discharge  ranges  from  about  35  to  115  gal. 
per  min.  This  orifice  was  constructed  and  calibrated  for  immediate 
use  and  not  for  experimental  purposes.  The  calibration  curves  are  of 
value  in  indicating  the  reliability  of  the  orifice  bucket  under  a  rather 
wide  range  in  the  details  of  its  construction. 

30.  Twenty-inch  Orifice  Bucket  Having  Nineteen  Orifices. — An 
illustration  of  the  most  elaborate  orifice  bucket  used  in  the  experi- 
ment- i>  shown  in  Fig.  25,  the  capacity  of  which  is  about  1000  gal. 
per  min.  It  contains  a  checkerwork  of  vertical  tubes  through  which 
the  water  flows  in  passing  to  the  orifices.  The  gage  glass  which 
indicate-  the  head  on  the  orifices  is  connected  to  a  pieiometer  ring  or 
chamber  around  the  base  of  the  bucket.  The  pressure  of  the  water  in 
the  bucket  is  transmitted  to  the  piesometer  chamber  through  a  large 
number  of  U-in.  holes.    The  bottom  of  the  bucket  consists  of    i  ..-in . 

boiler  plate  in  which  nineteen    1  ;,s-in.  circular  holt-  arc  drilled. 

The  calibration  curves  for  this  orifice  bucket  are  shown  in  Big,  28, 

for  all  hole-  open  and  for  ten  holes  open.  The  discharge  for  any  other 
Dumber  of  orifice-  open  may  be  found  with  a  fair  degree  of  accuracy 
from  the  equation 
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g  =  32.7  W/T 
in  which  q  is  expressed  in  gal.  per  min.,  n  is  the  number  of  holes  open, 
and  h  is  the  head  on  the  orifices  in  feet.     The  average  coefficient  of 
discharge  for  the  1%-in.  orifices  of  this  bucket  is  0.61. 

The  curves  in  Fig.  28  were  obtained  when  the  bucket  was  supported 
firmly  in  an  upright  position  with  the  stream  to  be  measured  discharging 
vertically  in  the  center  of  the  bucket  and  with  the  free  fall  into  the 
bucket  small.  The  velocity  of  the  inflowing  stream,  furthermore,  was 
not  high  (2  or  3  ft.  per  sec),  thereby  causing  but  little  agitation  of 
the  water  in  the  bucket.  Experiments,  however,  in  which  more  or  less 
variation  from  these  conditions  were  allowed  indicated  that  no  serious 
errors  resulted. 

37.  Conclusions. — The  conditions  under  which  the  discharge  of 
water  has  to  be  measured  are  so  varied  and  the  purpose  or  aim  in  deter- 
mining the  discharge  differs  so  much  in  different  problems  that  nearly 
any  one  of  the  many  common  methods  of  measuring  water  has  a  rather 
restricted  field  of  usefulness,  while  some  methods  apply  only  to  very 
special  conditions. 

The  orifice  bucket  is  designed  to  meet  rather  special  conditions. 
It  is  peculiarly  adapted  for  the  measurement  of  water  where  a  device 
which  is  portable  (light  weight  and  small  size),  simple  in  construction, 
and  low  in  cost  are  essential  features.  The  measuring  capacity,  more- 
over, covers  a  considerable  range.  The  orifice  bucket  is  particularly 
fitted  for  the  measurement  of  water  when  the  water  discharges  with 
considerable  blast  and  momentum  from  the  end  of  a  vertical  pipe,  in 
such  a  manner  that  the  spray  covers  the  entire  surface  of  the  water  in 
the  bucket,  as  in  the  case  of  air  lift  pumping.  When  so  used  the  orifice 
bucket  gives  results  which  should  be  correct  within  5  per  cent  if  the 
proper  precautions  are  observed  in  its  use,  as  is  shown  by  the  calibration 
curves,  and  correct  within  10  per  cent  for  the  more  unfavorable  condi- 
tions to  be  met  in  the  field.  The  highest  accuracy  is  obtained  when 
the  orifice  bucket  is  supported  rigidly  in  an  upright  position  with  the 
center  of  the  discharging  stream  vertically  over  the  center  of  the  bucket. 
The  free  fall  of  the  water  should  be  as  small  as  possible  and  the  velocity 
of  1  he  water  as  it  enters  the  bucket  should  not  be  large,  unless  the  stream 
is  distributed,  so  as  to  avoid  high  local  velocities  in  the  bucket.  The 
orifice  bucket,  however,  gives  very  satisfactory  results  even  when  there 
are  considerable  deviations  from  these  desirable  conditions  and  renders 
a  service  for  which  other  measuring  devices  may  not  be  adapted. 
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TEST  OF  A  FLAT  SLAB  FLOOR  OF  THE  WESTERN  XKWS- 

PAPER  UNION  BUILDING 


1.  Preliminary. — This  bulletin  gives  the  results  of  the  .test  made 
on  a  four-way  reinforced  concrete  flat  slab  floor  of  the  Western  News- 
paper Union  Building  in  Chicago  in  August  and  September,  1917. 
A  load  of  913  lb.  per  sq.  ft.  was  applied  over  four  panels.  The  build- 
ing, which  was  nine  years  old  at  the  time  of  the  test,  was  to  be  torn 
down  to  clear  the  site  for  the  new  Union  Passenger  Station ;  the  op- 
portunity was  utilized  to  apply  a  test  load  much  greater  in  propor- 
tion to  the  design  load  than  had  been  used  in  previous  tests  of  build- 
ings. The  test  was  carried  far  enough  to  give  stresses  in  t he  rein- 
forcing bars  and  concrete  markedly  higher  than  have  been  obtained 
in  other  building  tests.  The  information  on  the  action  of  the  slab  in 
its  various  parts  given  by  the  strain  measurements  has  an  important 
bearing  on  the  design  of  the  flat  slab  structure. 

2.  Acknowledgment. — The  test  was  made  as  investigative  work 
of  the  Engineering  Experiment  Station  The  testing  work  was  done 
under  the  direct  supervision  of  Mr.  Gonnlkman.  He  and  Mr.  X.  E. 
Ensign,  Associate  in  Theoretical  and  Applied  Mechanics,  acted  as 
observers.  The  results  have  been  reduced  and  prepared  for  publication 
as  a  bulletin  of  the  Engineering  Experiment  Station. 

Acknowledgment  of  valuable  aid  received  in  carrying  out  the 
tetl  ia  made.  The  Portland  (  "i. mix  t  Association  furnished  the  labor 
for  preparing  for  the  test  and  for  hauling  the  loading  material  and 
loading  and  unloading  the  floor.  The  Universal  PORTLAND  O  mi  \t 
Company  assisted  in  making  arrangements  and  gave  assistance  on  the 
test.     The  pig  iron  used  for  loading  material  was  lent  by  the  Illinois 

Steel  Company.  The  freight  on  the  pig  iron  was  borne  .jointly  bj 
the  Pennsylvania  Railboad  and  the  Portland  Cemi  \r  Aaexx  lation. 
Opportunity  to  oae  the  building  for  the  pnrpoae  ut*  the  teal  iraa  Erten 
by  the  Chicago  Union  Station  Company j  the  test  iraa  made  at  the 
suggestion  of  A.  J.  Hammond,  Principal  Assistant  Engineer.  The 
•  dkon  Company  provided  an  assistant  for  tracing  and  cheeking 
the  transfer  of  the  loading  material. 
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3.  The  Building. — The  Western  Newspaper  Union  Building 
was  an  eight-story  reinforced  concrete  structure  located  at  Clinton 
and  Adams  Streets,  Chicago.  The  building  was  erected  in  the  spring 
of  1909  by  the  George  Hinchcliff  Company,  contractors,  according  to 
plans  furnished  by  S.  N.  Crowen,  architect,  and  Ritter  and  Mott,  en- 
gineers. It  had  been  in  use  by  a  printing  company  until  1916.  The 
floor  tested  had  been  occupied  by  printing  presses.  Fig.  1  is  a  view 
of  the  building  at  the  time  of  the  test;  the  wrecking  of  the  building 
had  begun. 

Two  types  of  floor  construction  were  used  in  the  building.  The 
first  five  floors  were  slab  and  girder  type;  the  sixth,  seventh,  and 
eighth  floors  were  Turner  mushroom  flat  slab  type  (four- way  rein- 
forcement). The  floors  of  the  building  were  divided  into  panels  17 
ft.  5y2  in.  by  19  ft.  4%  in.  The  test  was  made  on  the  sixth  floor.  This 
floor  was  designed  for  a  live  load  of  250  lb.  per  sq.  ft.  and  was  nominal- 
ly 8V2  in-  thick.  A  considerable  variation  in  thickness  was  found,  the 
measured  thickness  over  the  test  area  ranging  from  7.5  to  9.8  in.  Fig. 
3  gives  the  thickness  of  the  floor  at  a  number  of  places  as  determined 
by  readings  with  an  engineer's  level.  In  general,  the  thickness  was 
greater  away  from  the  columns  than  in  the  vicinity  of  the  columns. 
The  interior  columns  were  octagonal  in  form,  24  in.  in  short  diameter 
below  the  floor  tested  and  21  in.  in  short  diameter  above  it.  The  inside 
diameters  of  the  hooping  of  the  columns  on  the  fifth  and  sixth  floors 
are  given  on  the  plans  as  21  in.  and  18  in.,  respectively.  The  column 
capitals  were  pyramidal;  the  short  diameter  at  the  top  of  the  capital 
was  54  in.  The  building  plans  called  for  15  %-in.  round  bars  in  each 
of  the  four  bands  of  reinforcement  in  the  floor  slab  and  indicated  that 
over  most  of  the  columns  in  the  test  area  there  were  laps  in  certain 
bands.  After  the  test  was  made,  the  floor  was  broken  into  and  the 
location  and  extent  of  all  laps  and  the  position  of  reinforcing  bars 
with  respect  to  the  surfaces  of  the  slab  were  found.  Fig.  4  shows  the 
arrangement  of  the  reinforcement  found  over  the  test  area,  including 
the  position  of  the  laps.  In  several  places  the  arrangement  of  rein- 
forcement differs  from  that  given  in  the  building  plans.  In  three 
places  in  rectangular  bands  the  reinforcement  for  positive  moment  was 
double  that  given  on  the  plans  (30  bars  instead  of  15).  The  lapping 
of  bars  at  columns  was  generally  greater  than  that  indicated  on  the 
plans.  At  column  15  three  bands  were  lapped ;  at  columns  14,  16,  21, 
26,  27,  and  28,  two  bands ;  and  at  columns  22  and  23,  one  band.  In 
most  cases,  the  length  of  lap  and  its  position  were  such  that  the  extra 


Fig.  1.    \rir.\v  of  Western  Newspaper  Union  Building  at  Time  of   i 


2.    View  Show  inc  !•  n  Floor 
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metal  was  effective  in  regions  of  greatest  moment.     In  some  the 

laps  were  poorly  arranged,  as  at  columns  15,  16,  and  27.  No 
is  apparent  for  the  lapping  of  bars  between  columns.  There  was  no 
reinforcement  for  negative  moment  in  the  region  midway  betwi 
columns.  The  eight  1%-in.  column  rods  were  bent  out  into  the  slab, 
and  two  circumferential  ring  rods  (circles  of  5  ft.  6  in.  and  8  ft.  b'  in. 
diameters)  rested  on  these  and  supported  the  lower  layers  of  rein- 
forcing bars.     The  measurement  of  position  of  bars  with  respect  to 
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Fig.  3.     THICKNESS  Of  Floor  in  Test  Al 

the  mrface  of  the  slab  showed  considerable  variation  at  tl  era] 

columns.    The  method  of  lapping  was  not  always  tl  >me 

cases  tho  laps  ot"  a  given  band  were  not  at  the  same  level    at  columns 
15  and  22,  for  example,  there  were  five  layers  of  "^  in.  bars  besi 
the  eireomferentia]  and  bent-out  column  I  \-  •         ilomns  the 

distance  of  the  centers  of  the  bars  of  the  top  layer  from  tin-  up] 
surface  of  the  slab  varied  from  0.90  in.  to  2.00  in.,  and  tl  tin* 

lower  layer  from  3.60  to   LOO  in.     At   points  between  columns  the 
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centers  of  the  bars  of  the  rectangular  bands  were  from  2.30  in  one 
case  to  4.20  in.  above  the  lower  surface  of  the  slab.  In  the  region  of 
the  center  of  the  panel  the  centers  of  the  lower  layer  of  diagonal 
bars  were  from  1.20  to  2.20  in.  above  the  lower  surface  of  the  slab. 

The  variation  in  amount  of  reinforcement  available  at  the  dif- 
ferent sections  of  the  slab  due  to  the  diversity  in  amount  and  position 


Fig.  4.     Arrangement  of  Reinforcement  in  Test  Area 


of  laps,  and  the  variation  in  depth  of  reinforcing  bar  and  thickness 
of  slab,  as  well  as  variations  in  the  quality  and  stiffness  of  the  concrete 
in  different  parts  of  the  loaded  area,  may  be  expected  to  cause  some 
lack  of  uniformity  in  the  stresses  and  deflections  at  points  similarly 
located  on  the  test  area. 

The  concrete  in  the  slab  was  1-2-4  mix ;  in  the  columns  1-1-2  mix 
was  used.  The  coarse  aggregate  was  gravel.  At  the  time  of  the  test 
the  building  was  eight  years  old.  Pieces  of  the  concrete  were  cut  out 
from  the  floor  and  sawed  into  test  prisms  approximately  5  in.  square 
and  16  in.  long ;  one  face  of  the  prism  was  coincident  with  the  upper 
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surface  of  the  slab.  The  concrete  was  taken  from  parts  of  the  slab 
(indicated  in  Fig.  3)  which  had  not  been  highly  stressed  and  which 
was  relatively  free  from  reinforcing  bars  and  cracks.  The  results 
of  the  tests  are  given  in  Table  1.     The  strength  of  these  test  prisma 

Table  1 
Compression  Tests  of  Concrete  Prisms 


Specimen 

From 

Panel 

Length 

inches 

Section 
inches 

I. o  i<led 
sq.  in. 

Maximum 
Applied 

Load 
pounds 

Unit 
Compr 

ngth 
lb.  per 
sq.  in. 

Modulus  of 
•  !'-ity 
lb.  per 
sq.  in. 

Al 

\_' 
A3 

A 

A 
A 

16.9 
16.8 
16.2 

4.6  by  4.8 

4.7  b\    1  7 
1.9  by  3.9 

22.1 
22   1 
19   l 

71  000 
119  300 
104  400 

3210 
5400 
5460 

4  500  000 

5  100  000 
4  800  000 

rage 

4690 

4  800  000 

Bl                   B 
B2                  B 

18.0 
15  0 

6.5  by  4.5 
4.7  by   1.7 

29.3 

-'_'    1 

93  400 
79  100 

3190 

4  200  000 

:<,  .-)<)0  000 

rage 

3385 

3  850  000 

Dl 
D2 

I).', 
I)t 
D5 

D 
D 

I) 
D 

I) 

16.0 
16.5 
10.0 

S      1, 

4.5  by  3.0 
5.1  1 

tit  by  8.1 
5.0  by  3.1 

i..")  by  a  2 

13.5 

1_'    s 
15  J 

i:,  :» 
1 1    i 

4S600 

t_'  SOO 

700 

1^     200 

3600 
3850 

4  600  000 
4  500  000 

\\  • 

3626 

4  550  000 

ranged  from  3190  lb.  per  sq.  in.  in  panel  B  to  5460  lb.  per  Bq.  in.  in 
panel  A,  and  the  initial  modulus  of  elasticity  from  3  500  000  to  5  100- 
<)()()  lb.  per  sq.  in.  When  the  floor  was  broken  up  after  the  test,  a 
noticeable  difference  was  found  in  the  quality  of  the  concrete  in  the 
four  test  panels.  The  concrete  in  panels  A  and  D  appeared  mud) 
stronger  and  harder  than  that  in  panels  B  and  C.  That  in  panel  D 
was  very  hard. 

Steel  coupons  were  cut  from  reinforcing  bars  at  different  places 
in  the  tested  floor.  The  results  of  the  tension  tests  of  these  ban  are 
given  in  Table  2.  The  bars  gave  an  average  yield  point  by  drop  of 
beam  of  63600   lb.   p<'r  §q.   in.  and  an  average  ultimate  strength  of 

nil  300  Lb.  per  aq.  in. 


4.  Tin  Test.  The  method  of  testing  was  similar  to  that  used  in 
previous  buildings  tests,  ;^  described  in  Bulletin  No.  64  of  the  Uni- 
versity of  Illinois  Engineering  Bxperimenl  station.  "Tests  of  Rein- 
forced Concrete  Buildings  Under  Load."  The  loading  material  v. 
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Table  2 
Tension  Tests  of  Reinforcing  Bars 


Average 

Yield  Point 
lb.  per  sq.  in. 

Ultimate 

Elongation 

Reduction 

Specimen 

Diameter 

Strength 

in  8  Inches 

of  Area 

No. 

inches 

lb.  per  sq.  in. 

per  cent 

per  cent 

1 

.602 

66  800 

103  500 

17.2 

37.6 

2 

.603 

59  900 

96  200 

17.8 

34.0 

3 

.619 

69  100 

115  600 

17.8 

33.4 

4 

.625 

55  400 

86  700 

21.5 

48.0 

5 

.626 

64  000 

100  000 

16.2 

39.4 

6 

.625 

66  500 

115  000 

14.6 

45.3 

7 

.625 

64  900 

101  600 

15.1 

45.3 

8 

.615 

60  000 

99  000 

18.6 

45.3 

9 

.621 

65  700 

102  700 

16.9 

41.7 

Average 

63  600 

101  300 

17.2 

41.1 

iron.  The  pig  iron  was  hauled  from  the  freight  yards  to  the  building  in 
auto  trucks.  The  net  weight  of  each  truck  load  of  iron  was  obtained  by 
weighing  on  a  certified  scale  before  it  was  hauled  to  the  building.  At 
the  building  the  pig  iron  was  loaded  on  hand  trucks,  hoisted  to  the 
test  floor  by  means  of  an  electric  freight  elevator,  and  then  placed  on 
the  test  area  by  hand.  A  record  was  kept  of  the  number  of  truck  loads 
placed  on  each  panel  and  the  total  weight  on  each  panel  was  obtained 
from  the  truck  weights. 

The  load  was  applied  over  the  four  interior  panels  of  the  sixth 
floor.  Fig.  5  gives  the  location  of  the  panels  tested.  The  load  on  each 
panel  was  divided  into  quarters  by  means  of  aisles  6  to  8  in.  wide  ex- 
tending at  right  angles  to  each  other  along  the  center  lines  of  the 
panels  and  along  the  boundaries  between  panels.  The  space  occupied 
by  the  aisles  and  by  the  boxes  built  on  the  floor  to  afford  access  to  the 
gage  lines  amounted  to  17  per  cent  of  the  panel  areas.  The  final  load 
on  the  slab  was  913  lb.  per  sq.  ft.,  a  total  load  of  308  400  lb.  per  panel. 
Fig.  2  shows  the  full  load  in  place. 

Gage  lines  were  prepared  in  advance  of  the  test — 103  on  the  rein- 
forcing bars  and  75  on  the  concrete.  Fig.  6  and  7  show  the  location 
of  the  gage  lines  on  the  upper  and  lower  sides  of  the  slab.  To  insure 
reliability  of  initial  readings,  three  sets  of  strain  gage  readings  (and 
more  on  many  of  the  gage  lines)  were  taken  before  the  load  was  ap- 
plied. Strain  gage  readings  were  taken  at  loads  of  234,  425,  637,  855, 
and  913  lb.  per  sq.  ft.  of  panel  area.  In  each  case  except  for  the  first 
load  two  complete  sets  of  strain  readings  were  taken  on  the  reinforcing 
bars  and  the  concrete,  and  sometimes  more.  The  deflection  of  the  slab 
was  measured  at  20  points.    The  location  of  the  deflection  points  are 
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shown  iu  Fig.  8.  The  appearance  of  cracks  was  also  noted.  Readings 
of  deformation  and  deflection  at  the  more  important  points  were  taken 
from  time  to  time  as  the  load  was  being  placed  on  the  floor. 

Readings  were  also  taken  three  days  after  the  maximum  load  had 


/so  o 


Fig.  5      Locai  eon  01  Ti  s  i   Panels 


been  placed  on  the  floor  in  order  t'>  get  information  <>n  the  time  effect 
of  the  Load  upon  deformations  and  deflections.  Alter  the  removal  of 
the  load  readings  were  taken  to  find  the  amount  of  ery  in 

floor. 
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The  test  area  was  chosen  where  there  would  be  the  least  effect  of 
floor  openings  and  where  the  building  plans  showed  laps  in  only  the 
rectangular  bands  over  the  column  in  the  center  of  four  panels.  In  a 
building  test  the  considerable  time  required  to  reduce  the  data  of  the 
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Fig.  6.    Location  of  Gage  Lines  on  Upper  Side  of  Slab 


readings  into  form  for  analysis  renders  it  necessary  to  restrict  the 
number  of  gage  lines  and  so  their  distribution  over  the  test  area  be- 
comes a  matter  of  importance.  The  gage  lines  in  this  test  were  placed 
with  a  view  of  getting  some  information  on  (1)  the  amount  and  dis- 
tribution of  the  stresses  in  the  reinforcement  along  sections  through 
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the  panel  centers  and  through  the  panel  edges,  and  at  other  points, 
(2)  the  strain  in  the  concrete  at  the  more  important  points  in  the  slab, 
the  momenl  of  resistance  accounted  for  l>y  the  stresses  in  tlie  rein- 
forcing bars  which  cross  sections  through  the  pane]  centers  and  through 
the  pane]  edges,  and     I    something  od  the  rtn  n  columns 

edges  of  the  loaded  ares  due  to  bending  under  the  applied  load. 
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Deflection  in  fnches 
Fig.  8.    Load-deflection  Diagrams  and  Location  of  Deflection  Points 
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The  gage  lines  in  panels  A  and  C  with  few  exceptions  were  laid  out 
in  duplicate  in  order  that  readings  obtained  on  the  gage  lines  in  the  one 
panel  might  serve  as  a  check  on  readings  obtained  at  corresponding 
gage  lines  in  the  other,  and  also  to  find  out  whether  there  was  similarity 
of  action  in  the  two  panels. 

5.  Deflection  of  Slab. — The  deflections  of  the  slab  at  the  several 
deflection  points  are  plotted  in  Fig.  8,  the  diagrams  for  points  similar- 
ly located  being  grouped  together.  The  recovery  of  deflection  one  <l;iy 
after  the  load  was  removed  is  indicated  by  the  points  plotted  at  the 
bottom  of  the  diagram.  The  second  point  plotted  for  the  load  of  637 
lb.  per  sq.  ft.  is  the  deflection  16  hours  after  the  last  of  the  load  was 
applied;  the  second  point  for  the  load  of  855  lb.  per  sq.  ft.,  37  hours 
after ;  the  second  point  for  the  load  of  913  lb.  per  sq.  ft.,  66  hours  after. 
Where  no  second  point  is  plotted,  the  change  in  deflection  was 
negligible. 

The  deflections  at  the  centers  of  panels  A,  B,  C,  and  D  under  the 
load  of  913  lb.  per  sq.  ft.  were  1.06,  1.12,  1.04,  and  0.87  in.,  respectively. 
It  may  be  noted  in  this  connection  that  panels  C  and  D  had  a  greater 
amount  of  reinforcement  than  A  and  B  and  that  panel  I)  was  thicker. 
The  concrete  of  panels  A  ami  I)  was  of  unusually  good  quality. 

Of  the  deflections  at  the  middle  of  the  inner  edges  of  the  loaded 
panels,  that  at  point  8  (Fig.  8)  was  considerably  greater  than  that  at 
point  16,  and  that  at  point  12  was  more  than  at  point  20.  The  dif- 
ferences are  explainable  by  differences  in  quality  of  concrete  and 
in  amount  and  arrangement  of  reinforcement. 

At  the  outer  edges  of  the  loaded  area,  the  deflections  at  points  5 
and  9  were  considerably  greater  than  at  points  L5  and  18;  and  the  de- 
flections at  points  2  and  11  were  greater  than  at  points  11  and  19 — 
the  same  circumstances  explain  these  differences  in  deflections. 

It  may  be  noted  that  points  1  and  6  (Pig.  8)  distanl  one-quarter 
of  the  panel  Lengths  from  the  panel  edges  Lra\-'  a  measurable  deflec- 
tion. Point  7  (center  of  adjacent  panel]  remained  stationary  and 
point  I  showed  an  upward  movement. 

6.  Cracks  in  Slab.     It  was  noted  before  the  Load  was  applied 
that  there  were  numerous  checks  in  the  upper  Burface  of  the  slab  in 
the  regions  around  the  column  and  along  the  panel  edges.    Most  of 
these  were  evidently  surface  checks;  others  were  tension  cracks  ton 
under  previous  loads.    The  Latter  opened  upon  the  application  of  Load. 
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Fig.  9  gives  the  location  of  the  more  important  cracks  on  the  upper 
side  of  the  slab  which  either  opened  or  formed  under  the  test  load. 
These  cracks  were  all  open  cracks — much  more  marked  than  hair 
cracks.  Under  the  load  of  913  lb.  per  sq.  ft.  they  ranged  in  width  from 
0.02  to  0.06  in.  These  cracks  show  the  regions  of  high  tensile  stress  in 
the  top  of  the  slab.  The  main  cracks  at  the  columns  were  generally  at 
or  near  the  edges  of  the  column  capital ;  they  branched  out  to  join  the 
cracks  extending  along  the  panel  edges  between  the  columns.  The 
cracks  at  the  capitals  of  the  columns  bordering  the  loaded  area  were 


Fig.  9.     Location  of  Main  Cracks  in  Upper  Side  of  Slab 


fully  as  wide  as  those  at  the  capital  of  the  central  column.  The  cracks 
along  the  panel  edges  were  generally  as  pronounced  as  those  around  the 
capitals. 

Fig.  10  shows  the  location  of  the  more  important  cracks  on  the 
lower  side  of  the  slab  in  panels  A  and  C,  the  panels  in  which  the 
principal  tension  gage  lines  on  the  lower  side  of  the  floor  were  placed. 
In  panels  B  and  D,  in  addition  to  those  noted  in  the  figure,  there  were 
cracks  over  the  panels  in  positions  similar  to  those  noted  in  panels  A 
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aud  C.  Iu  pauel  D  the  cracks  were  not  so  wide  nor  so  numerous  as 
in  the  other  panels,  even  at  the  maximum  Load.  Panel  B  had  larger 
and  more  numerous  cracks  than  the  other  panels.  Most  of  the  cracks 
on  the  lower  side  of  the  slab  were  found  in  bands  extending  in  rec- 
tangular directions.  In  a  small  area  at  the  panel  centers  cracks  ex- 
tended in  diagonal  directions.  No  cracks  or  checks  had  been  noted  on 
the  lower  side  of  the  slab  before  loading  was  begun.  The  first  hair 
cracks  here  were  observed  at  a  load  of  234  lb.  per  sq.  ft.  At  a  load  of 
425  lb.  per  sq.  ft.,  the  cracks  were  fairly  well  defined  and  for  higher 


Fie.  10.     Location  of  Main  Cracks  in  LoWEI  Sun:  of  Si. ah 

loads  they  gradually  opened  up  and  extended.  Tim  main  cracks  on 
the  Lower  Bide  of  the  -lab  <li<l  not  open  bo  much  a-  the  main  oracl  i  <>u 
the  upper  Bide  of  the  Blab.  The  construction  joinl  shown  in  Pig.  9  and 
10  opened  appreciably  onder  ili«'  application  "t"  load. 

Upon  the  removal  of  the  load  the  cracks  closed,  giving  the  Blab  an 
appearance  similar  to  that  which  it  bad  before  the  load  was  applied. 


7.     Load-ttrain  Diagrams.     Iu  Pigs.  11  to  L3  the  Load  strain  dia- 
grams are  given  for  lines  on  the  upper  ami  Lower  sides  of  the 
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Unit  Sfra/n  -  /n per  in. 

F:c.     11.     Load-strain  Diagrams  for  Gage  Lines  on  Reinforcing  Bars  on  Upper 

Side  of  Slab 
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Unit  Strom  -  /n.per/n. 

Fig.  13.     Load-strain  Diagrams  for  Gage  Lines  in  Concrete  on  Upper  and 

Lower  Sides  of  Slab 
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slab.  In  these  diagrams  tensile  strains  are  plotted  to  the  right  and 
compressive  strains  to  the  left  of  the  axis.  Gage  lines  having  similar 
positions  on  the  floor  have  been  grouped.  Averages  of  the  several  read- 
ings were  used  in  computing  the  strains.  It  will  be  noted  that  for 
gage  lines  on  bars  in  the  upper  side  of  the  slab  the  diagrams  show  de- 
formations of  considerable  amount  at  the  load  of  234  lb.  per  sq.  ft ;  the 
diagrams  for  gage  lines  on  bars  on  lower  side  show  markedly  smaller 
deformations.  For  loads  greater  than  234  lb.  per  sq.  ft.  the  deforma- 
tions in  bars  on  the  lower  side  of  the  slab  increased  fairly  uniformly 
with  increase  of  load ;  it  has  already  been  noted  that  the  first  cracks  on 
the  lower  side  appeared  at  this  load.  The  diagrams  for  gage  lines  on 
the  concrete  on  both  upper  and  lower  sides  of  the  slab  show  deforma- 
tions of  considerable  amount  at  the  first  load  and  a  fairly  uniform  in- 
crease in  deformation  for  higher  loads. 

8.  Stresses  in  Reinforcing  Bars  in  Upper  Side  of  Slab. — The 
stresses  in  the  reinforcing  bars  at  the  several  loads  may  be  computed 
from  the  strains  given  in  Fig.  11  and  12.  For  convenience  of  compari- 
son the  stresses  corresponding  to  the  strains  for  the  maximum  load 
(913  lb.  per  sq.  ft.)  are  given  in  Fig.  14.  The  values  shown  at  points 
around  the  columns  are  in  bars  at  the  upper  side  of  the  Blab  ;  the  <>tl 
are  in  bars  at  the  lower  side. 

For  bars  on  the  apper  side  of  the  slab  the  greatest  stresses  were 
found  at  gage  Lines  located  on  diagonal  bars  at  the  edge  of  the  column 
capitals.  At  column  22  (the  central  column  of  the  loaded  area)  the 
stresses  in  diagonal  bars  over  the  edge  of  the  column  capital  ranged 
from  49  200  to  57  300  lb.  per  sq.  in.    Tim  b  tresses  in  diagonal  bars  at 

column  2'2  at  gage  lines  Located  some  distance  from  th< Lumn  capital 

ranged  from  15000  to  34  500  Lb.  per  sq.  in.    The  stresses  in  diagonal 
ban  at  the  columns  bordering  the  Loaded  area  ranged  from  36600  to 
54900  11).  per  sq.  in.    In  general!  the  stresses  in  the  diagonal  bars  at 
the  columns  bordering  the  Loaded  area  irere  nearly  as  great  as  fl 
observed  at  corresponding  gage  lines  at   the  central  column.     The 

stresses  -riven  do  not  include  the  m  re^  due  t<>  the  load  of  the  slab 
itself;  allowing  for  this,  it  is  apparent  that  the  yield  point  of  the  Steel 
was  qoI  reached  in  even  the  most  highly  stress-,!  bars. 

The  Bliesscw  in  the  east  and  irest  rectangular  hand  at  column  22 
averaged  about  -11  100  Lb,  per  sq.  in.  The  ill  ess  mi  in  the  north  and 
south  rectangular  band  si  column  22  ranged  from  28  700  Lb.  per  sq.  in. 
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at  the  edge  of  the  column  capital  to  40  500  lb.  per  sq._in.  at  gage  lines 
near  the  edge  of  the  band  on  either  side  of  the  column.  The  bars  in 
this  band  were  lapped  at  column  22,  the  bars  ending  about  80  inches 
north  and  south  of  the  column  center.  It  will  be  noted  that  at  gage 
lines  near  the  edges  of  the  rectangular  bands  the  stresses  were  greater 
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Fig.  14.     Stresses  in  Reinforcing  Bars  in  Pounds  per  Square  Inch  at  Load  of 

913  Pounds  per  Square  Foot 


than  in  bars  at  the  middle  of  the  band.  In  bars  outside  the  loaded 
area  and  near  the  edge  of  a  rectangular  band  stresses  were  found  as 
great  as  6000  lb.  per  sq.  in.  It  is  evident  that  portions  of  the  slab  out- 
side the  loaded  area  contributed  measurably  to  the  resistance  developed 
in  the  slab. 
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9.  Stresses  in  Reinforcing  Bars  in  Lower  Side  of  Slab. — On  the 
lower  side  of  the  slab  the  greatest  stresses  were  found  in  the  bars  of 
the  rectangular  bands  (Fig.  14).  At  the  maximum  load  stresses  from 
24  300  to  30  000  lb.  per  sq.  in.  were  observed  in  rectangular  bands  with- 
in the  loaded  area.  In  the  one  which  had  30  bars  instead  of  the  usual 
15,  stresses  from  18  000  to  21  000  lb.  per  sq.  in.  were  found. 

The  stresses  in  the  rectangular  bands  at  the  edge  of  the  loaded 
area  varied  from  5100  lb.  per  sq.  in.  in  a  bar  outside  the  loaded  area 
to  22  500  lb.  per  sq.  in.  in  a  bar  inside  the  loaded  area.  At  one  gage 
line  outside  the  loaded  area  and  near  the  edge  of  the  band  a  stress  of 
15  fiOO  lb.  per  sq.  in.  was  found. 

The  stresses  in  the  diagonal  bands  in  the  region  of  the  center  of  the 
panels  were  smaller  than  those  in  bars  of  the  rectangular  bands  in 
the  region  between  columns.  The  stresses  in  diagonal  bars  at  gage  lines 
away  from  rectangular  sections  which  pass  through  panel  centers 
ranged  from  6300  to  18  300  lb.  per  sq.  in. 

The  effect  of  position  of  reinforcing  bars  with  respect  to  surface 
of  slab  on  the  stress  developed  is  discussed  in  another  place. 

10.  Strains  in  Concrete  at  Upper  Surface  of  Slab. — The  unit- 
strains  in  the  concrete  at  the  several  loads  are  plotted  in  Fig.  13.  For 
convenience  of  comparison,  the  unit-strains  at  the  maximum  load  are 
recorded  in  Fig.  15.  The  values  for  points  around  the  columns  are 
for  gage  lines  on  the  lower  side  of  the  slab;  a  few  gage  linos  which 
cross  the  panel  edges  between  columns  are  also  on  the  lower  side.  The 
remaining  gage  lines  axe  on  the  upper  side  of  the  slab. 

On  the  upper  surface  of  the  slab  the  greatest  compressive  strains 
were  found  at  gage  lines  along  the  inner  panel  edges  midway  between 
columns.  Strains  from  0.00089  to  0.000!)7  in.  per  in.  were  observed 
at  these  gage  lines.  Assuming  a  modulus  of  elasticity  of  concrete  of 
4  000  000  11).  per  sip  in.  and  a  straight-line  stress-strain  relation  the 
stresses  in  the  concrete  corresponding  to  these  deformations  would  be 
3560  and  3SS0  lb.  per  sq.  in.  Strains  as  great  as  0.00054  in.  per  in. 
(corresponding  -  in  the  concrete  on  the  assumption  just  given, 

0  ll».  per  sq.  in.  I  were  found  at  gage  lines  at  the  panel  cent 

11.  Strains  in  Concrete  at  Lower  Burfaa  \  ib.  The  greatest 
strains  in  concrete  on  the  Lower  surface  of  the  Blab  were  found  o 

the  I'.iirc  of  the  capital  of  column  22.    The  strains  at  this  column  at 
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the  diagonal  gage  lines  (see  Fig.  15)  ranged  from  0.0012  to  0.0016  in. 
per  in.  at  the  maximum  load.  These  strains  are  as  great  as  the  strains 
which  were  found  at  failure  in  the  tests  of  the  concrete  prisms  cut  from 
the  slab ;  they  represent  the  range  in  deformation  at  the  ultimate  load 
usually  found  in  compression  tests  of  concrete.     Spalling  or  chipping 
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Fig.  15.     Unit-strains  in  Concrete  at  Load  of  913  Pounds  per  Square  Foot 

of  the  concrete  surface  was  plainly  visible  near  the  edge  of  the  capital 
of  column  22  in  panel  A.  At  rectangular  gage  lines  near  the  capital  of 
this  column  a  strain  in  the  concrete  of  0.0014  in.  per  in.  was  observed. 
These  high  deformations  indicate  that  the  concrete  near  the  capital  of 
column  22  was  highly  stressed  and  that  at  certain  gage  lines  it  was 
stressed  to  its  ultimate  strength,  the  action  of  the  surrounding  con- 
crete preventing  its  complete  failure. 
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Near  the  edges  of  the  capitals  of  columns  bordering  the  loaded 
area  strains  from  0.00054  to  0.0011  in.  per  in.  were  observed  at  di- 
agonal gage  lines,  and  strains  from  0.00044  to  0.00081  in.  per  in.  at 
rectangular  gage  lines.  With  a  modulus  of  elasticity  of  concrete  of 
4  000  000  lb.  per  sq.  in.  the  stresses  corresponding  to  these  strains 
would  range  from  1760  to  4400  lb.  per  sq.  in. 

At  the  gage  lines  crossing  the  inner  panel  edges  at  a  section  of 
negative  moment  between  columns  15  and  22,  compressive  strains  about 
one-half  those  found  near  the  column  capital  were  observed  at  the 
lower  loads,  even  though  there  was  no  tension  reinforcement  in  the 
upper  side  of  the  slab  in  this  region.  For  the  highest  load  when  the 
concrete  at  the  capital  had  begun  to  crush  there  was  a  relatively  great 
increase  in  the  strains  in  this  middle  region,  a  value  as  great  as  0.0012 
in.  per  in.  being  found. 

It  should  be  noted  that  there  were  compressive  strains  of  some 
amount  in  regions  of  negative  moment  outside  the  loaded  area. 

12.  Influence  of  Position  of  Bar. — The  stresses  in  Pig.  14  are 
given  without  reference  to  the  position  of  the  bar  with  respect  to  the 
surface  of  the  slab  and  without  reference  to  its  position  in  the  band. 
It  may  be  expected  that  the  stresses  in  the  several  layers  of  bars  will 
vary.  The  average  depths  of  the  layers  of  bars  at  the  edge  of  the 
capital  of  column  22  ranged  from  0.90  in.  below  the  upper  surface 
the  slab  for  the  upper  Layer  to  3.65  inches  for  the  Lower  layer.  At  this 
column  the  Layers  of  bars  in  the  order  of  their  position  with  respect 
to  the  upper  surf  ace  of  the  slab  were  as  follows:  (1)  north  and  south 
rectangular  bars  one  Lap),  (2)  diagonal  bars  running  to  oorthvi 
3  east  and  west  rectangular  bars,  (4)  diagonal  bars  running  north- 
east, (5)  north  and  south  rectangular  bars  second  lap),  (6)  circum- 
ferential ring  bars,  (7    radial  column  bars.     (See  Pig.  20. 

The  strains  in  Bteel  and  concrete  at  gage  Lines  near  the  capital  of 
column  22  for  the  load  of  913  lb.  per  sq.  ft.  have  been  plotted  in  Pig.  16 
to  show  th<-  position  of  the  neutral  axis  t*<>r  the  various  Layers  of  bars 
on  which  readings  of  deformation  were  taken.  The  strains  found  at 
tra^e  lines  :>  and  17  are  markedly  smaller  than  those  found  at  gage 
lines  8,  9,  20,  and  l'l'A  which  were  placed  on  bars  of  the  same  la; 

Gage  line  'JL'A,  like  ga<re  lines  .">  and    17.  was  placed  Over  the  i 
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the  capital  and  it  will  be  noted  that  the  deformation  found  at  this  gage 
line  is  more  in  harmony  with  the  deformations  found  at  other  gage 
lines  on  bars  of  the  same  layer  than  are  the  deformations  at  5  and  17. 


Unif  Stra/n  in  Steel -in.  per  in. 


JO 

I 


i 


First  I  oyer 

Second  layer 
Third  Layer 
r~oc/rtn  layer 


l/n/7  Strain  in  Concrete  -in. per  in. 

Fig.  16.    Position  of  Neutral  Axis  for  the  Several  Layers  of  Bars  at 

Column  22 

No  reason  for  the  markedly  smaller  value  in  gage  lines  5  and  17  is 
apparent.  For  the  gage  lines  other  than  5  and  17  the  position  of  the 
neutral  axis  with  respect  to  the  under  side  of  slab  ranged  from  0.43 
to  0.46  of  the  effective  depth  of  the  several  layers.  The  value  of  j 
(which  represents  the  ratio  of  the  distance  between  the  bar  and  the 
centroid  of  compressive  stresses  to  the  distance  between  the  bar  and 
the  face  of  the  slab)  for  these  bars  is,  therefore,  about  0.85.  The  value 
of  ;"  found  in  a  similar  way  for  gage  lines  located  at  columns  border- 
ing the  loaded  area  was  0.87.  It  will  be  noted  in  Fig.  16  that  the  strain 
in  the  lower  layer  of  diagonal  bars  is  nearly  as  great  as  that  in  the 
upper  layer  of  diagonal  bars.    The  strain  in  the  layer  of  rectangular 
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bars  between  the  two  layers  of  diagonal  bars  was  less  than  that  found 
in  the  diagonal  bars. 

No  measurements  of  strain  were  made  on  the  rings  nor  on  the 
column  bars  bent  out  radially  into  the  Blab.  These  bars  were  placed 
low  in  the  slab  and  near  where  the  neutral  axis  may  be  expected  to  be. 
It  is  probable  that  they  were  stressed  somewhat.  As  has  been  stated 
elsewhere  these  bars  were  not  taken  into  account  in  the  calculations  of 
resisting  moment. 

For  the  diagonal  bars  in  the  central  area  of  the  panels,  the  stresses 
in  the  bars  of  the  lower  layers  were  generally  considerably  greater 
than  those  in  the  upper  layer.  In  the  one  case  where  the  lower  bar 
shows  considerably  less  stress,  the  gage  lines  were  near  the  end  of 
lapped  bars. 

The  bars  in  the  rectangular  bands  at  sections  of  positive  moment 
wrere  farther  from  the  under  surface  of  the  slab  than  were  the  bars  of 
the  diagonal  bands,  but  the  stresses  in  the  former  were  greater  than 
in  the  latter  except  where  laps  occurred.  It  should  be  noted  that  the 
bars  at  the  middle  of  the  rectangular  bands  were  farther  from  the  un- 
der surface  of  the  slab  than  were  the  outer  bars.  Differences  in  the 
magnitude  of  stresses  in  bars  in  similar  places  at  sections  of  positive 
moment  are  partly  accounted  for  by  differences  in  the  position  of  the 
bars;  for  example,  the  bar  at  gage  line  236  was  2.7  in.  from  the  Lower 
surface  and  the  one  at  237  wras  1.15  in.  from  the  lower  surface,  while 
the  stresses  were  12  600  and  21600  lb.  per  8q.  in.  respectively.  Sim- 
ilarly, the  bars  for  gage  lines  219,  221,  and  239  are  1 1 i *_r  1 1 « * i -  in  the  slab 
than  the  corresponding  ban  at  the  edges  of  the  band. 

Gage  lines  2,  7  and  10  were  placed  on  tin*  same  diagonal  bar. 
Similarly,  gage  lines  11,  14,  and  18  were  on  another  diagonal  bar. 
The  bar  having  gage  lines  2,  7,  and  10  was  abonl  1.95  in.  below  the 
upper  surface  of  the  slab  and  the  other  bar  abonl  3.15  in.  below  the 
upper  surface.  The  stresses  at  gage  Lines  2,  7.  and  10  were  27000, 
3 1  500  and  19  &oo  lb.  per  Bq.  in.,  respectively  ;  the  b1  resses  at  gage  lines 
11,  14,  and  18  weare  16200,  23700,  15000  lb.  per  sq.  in.,  respectively. 
It  will  be  Been  that  the  Bti  it  the  gage  lines  opposite  the  column 

capital   (7  and   1  I     wea  later  than  those  observed  at    tie 

gage  lir 

13.  Resisting  Moment  Accounted  for  bn  Stresses  in  Reinforoing 
Bars, — It  will  be  of  interest  to  find  the  magnitude  of  the  resisting 
momenta  developed  in  sections  <»t*  the  ilab  and  to  Inea 
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with  the  bending  moment  due  to  the  external  forces.  As  the  part 
played  by  the  tensile  stresses  in  the  concrete  is  unknown  and  uncertain, 
only  that  part  of  the  resisting  moment  found  by  using  the  measured 
stress  in  the  reinforcing  bars  can  be  considered.  The  resisting  moment 
based  on  the  tensile  stresses  in  these  bars  may  not  be  expected  to  ac- 
count fully  for  the  bending  moment.  The  two  sections  considered  will 
be  (1)  a  section  across  the  panels  midway  between  columns  (AB,  Fig. 


Fig.  17.     Sections  of  Positive  Moment  and  Negative  Moment  Considered  in 

the  Calculations 


17)  and  (2)  one  along  an  edge  of  the  panels  parallel  to  the  first  section 
but  skirting  the  part  of  the  periphery  of  the  column  capitals  at  the 
corners  of  the  panels  (CDE,  Fig.  17).  It  will  be  noted  that  the 
edges  of  the  area  here  considered  are  along  lines  of  zero  shear,  except 
around  the  column  capitals.  The  external  forces  acting  on  the  row  of 
half  panels  are  the  load  on  the  two  half  panels  and  the  reaction  or 
rual  shear  at  the  three  column  capitals.  The  moment  of  the  cou- 
ple  formed  by  these  two  external  forces  will  be  resisted  by  the  numeri- 
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cal  sum  of  the  resisting  moments  developed  in  the  two  sections  AH. 
and  CDE.  The  moment  of  the  internal  stresses  at  the  section  of 
the  panel  midway  between  columns  is  referred  to  as  the  positive  re- 
sisting moment  and  that  at  the  edge  of  the  panel  as  the  negative  re- 
sisting moment.  The  actual  distribution  of  these  resisting  momenta 
along  the  sections  need  not  be  considered  in  making  the  desired  com- 
parison. 

The  point  of  application  of  the  resultant  of  the  load  on  the  two 
half  panels  is  shown  at  F ;  that  of  the  resultant  of  the  reaction  of  the 
three  supports  at  G.  The  moment  of  the  couple  formed  by  these  two 
resultants  is  the  bending  moment  due  to  the  external  forces  and  is 
the  moment  to  be  considered.  Analysis  shows  that,  for  a  uniformly 
distributed  load,  and  round  columns,  the  value  of  this  bending  mo- 
ment for  a  load  two  panels  wide  is  given  quite  closely  by  the  equation 

"-tM'-tit]' :  « 

for  sections  at  right  angles  to  the  long  way  of  tin4  panel,  and 

"-tM'-tt]' 

for  sections  at  right  angles  to  the  short  way  of  the  panel  where 

M    =  bending  moment  for  a  width  of  two  panels 

W    =  load  on  one  panel 

/;      =  long  side  of  an  oblong  panel  measured  from  center  to 

center  of  column 
le     =  short  side  of  an  oblong  panel  measured  from  center  to 

center  of  column 
c      =  diameter  of  column  capital. 

With  the  load  of  913  lb.  per  gq.  t't.  over  four  panels,  tin*  bending 
moment  for  a  width  of  two  panels,  as  obtained  by  equations  '1  |  and 
(2),  is  12820000  lb. -in.  for  the  long  way  of  the  panels  (resisted  at 

north  and  BOUtb  BectionS     and  11  060000  lb. -in.  for  the  short   way 
listed  at  east  and  w  •  LOnfl    . 

The  positive  moment  (the  resisting  moment  at  the  section  across 

the  panels  midway  between  columns    and  the  aegative  moment  (the 

iting  moment  at  the  section  at  the  edge  of  the  panels  ther 


34  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

must  resist  this  bending  moment.  With  a  condition  of  ends  of  slab 
for  which  the  tangent  to  the  curve  of  flexure  at  the  edges  of  the  panels 
remains  horizontal  when  the  load  is  applied  (usually  termed  fixed 
ends),  the  condition  assumed  in  the  analysis,  the  positive  moment 
will  be  found  by  analysis  to  be  one-third  of  the  total  resisting  mo- 
ment and  the  negative  moment  two-thirds,  provided  the  slab  is  uni- 
formly stiff  throughout.  If  the  tangents  at  the  panel  edges  deflect 
somewhat,  the  positive  moment  will  be  greater  than  one-third  and  the 
negative  moment  less  than  two-thirds.  In  the  comparisons  to  be  made 
it  will  be  assumed  that  the  proportions  given  by  analysis  are  one-third 
for  the  positive  moment  and  two-thirds  for  the  negative  moment.  As 
stated  in  "14,  Bending  of  Columns,"  calculations  of  the  resisting 
moment  developed  at  sections  of  the  slab  at  the  boundaries  of  the 
loaded  area  as  accounted  for  by  the  observed  stresses  in  the  reinforc- 
ing bars,  the  results  of  analytical  determinations  of  the  moments  at 
sections  at  the  edges  and  at  the  middle  of  the  loaded  area,  and  the 
amount  of  flexure  in  the  columns  all  go  to  show  that  there  is  little  in- 
accuracy in  this  assumption  in  the  case  under  consideration.  The 
analytical  value  of  the  positive  resisting  moment  will  be  termed  the 
analytical  positive  moment  and  that  of  the  negative  resisting  moment 
the  analytical  negative  moment.  For  the  north  and  south  sections 
the  magnitude  of  these  analytical  moments  becomes  4  270  000  and 
8  550  000  lb.-in.  respectively,  and  for  the  east  and  west  sections  3  700- 
000  and  7  400  000  lb.-in.  respectively. 

The  sections  used  in  obtaining  the  resisting  moment  accounted 
for  by  the  stresses  observed  in  the  reinforcing  bars  are  shown  in  Fig. 
18.  QKC-BJT  is  the  east  and  west  section  of  positive  moment  used, 
and  MNOP  the  east  and  west  section  of  negative  moment;  similarly, 
IJO-NKL  is  the  north  and  south  section  of  positive  moment,  and 
ABCD  and  EFGH  the  north  and  south  sections  of  negative  moment. 
Sections  of  negative  moment  in  the  north  and  south  direction  are 
taken  on  two  sides  of  the  column  capitals,  because  the  available  rein- 
forcement differed  in  the  two  sections.  The  sections  of  positive  mo- 
ment were  taken  as  shown  because  they  cross  the  greatest  number  of 
gage  lines. 

In  the  calculation  of  the  resisting  moments  developed,  lapped 
bars  were  considered  as  contributing  to  the  resisting  moment  where- 
ever  the  bars  extended  beyond  the  section  a  sufficient  distance  to  in- 
sure adequate  anchorage  with  respect  to  the  magnitude  of  the  stress 
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developed  in  the  bar.  Many  of  the  laps  were  made  in  such  a  way 
that  the  additional  section  may  not  be  expected  to  contribute  much 
to  the  resisting  moment.  As  measurable  stresses  were  found  in  bars 
near  the  edge  of  the  band  outside  the  loaded  area,  they  were  taken 
into  account  in  the  calculations.  The  ring  rods  around  the  columns 
and  the  column  bars  which  were  bent  out  into  the  slab  were  not  in- 
cluded in  the  reinforcement,  for  no  measurements  of  strain  were  made 
on  these  bars.  For  the  diagonal  bars  the  component  of  the  stress  was 
taken  in  a  direction  at  right  angles  to  the  direction  of  the  panel  edge. 
The  average  of  the  stresses  at  the  principal  critical  gage  lines  was 
generally  used.  For  the  bands  at  the  edges  of  the  loaded  area  the 
stresses  were  considered  to  vary  over  the  band  from  gage  line  to  gage 


Fig.  18.     Sections  of  Positive  and  Negative  Moment  Considkrkd  in  thk  Cal- 
culation of  the  Resisting  Moments  Accounted  for  by  Stresses 
in  the  Reinforcing  Bars 


line.  Borne  judgment  bad  to  be  used  in  determining  the  stress  varia- 
tion as  well  as  thf  availability  of  lapped  bars,  but  it  is  believed  that 
the  assumptions  made  give  results  well  below  the  actual  nee  de 

velopcd   in  the  slab.     It   should   be  noted  that   the  maximum  sti 
observed  in  bars  of  negative  moment  were  15  per  cent  greater  than 
tho  average  of  the  stresses  used  in  computing  the  resisting  moment 
accounts)  for  by  these  ill i vt\twi\,  not  counting  bars  in  bands  near  the 
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edges  of  the  loaded  area,  and  similarly  the  maximum  stresses  in  bars 
at  sections  of  positive  moment  were  25  per  cent  greater  than  the  aver- 
age of  the  stresses  used  in  computing  the  positive  moment.  The 
measured  position  of  the  bars  with  reference  to  the  face  of  the  slab 
and  the  measured  thicknesses  of  the  slab  were  used.  The  position  of 
the  neutral  axis  was  determined  from  the  strains  measured  in  the  re- 
inforcing bars  and  in  the  concrete  at  the  face  of  the  slab;  knowing 
this  distance,  the  values  of  jd,  the  distance  from  the  bar  to  the  center 
of  gravity  of  the  compressive  stresses,  were  computed  in  the  usual 
way.  The  value  of  jd  wras  generally  about  0.87  of  the  distance  from 
the  center  of  gravity  of  the  bars  to  the  face  of  the  slab. 


Table  3 

Resisting  Moments  Accounted  for  by  Stresses  Observed  in  Reinforcing  Bars 
(Moments  are  given  in  pound  inches) 


North  and  South  Sections 


Negative  Moment 

Positive  Moment 

Width  AB 

Fig.  18 
Width  BC 
Width  CD 

2  760  000 

2  720  000 
1  690  000 

Width  IJ 

Width  JO-NK 
Width  KL 

560  000 

1  570  000 
750  000 

Total 

7  170  000 

Total 

2  880  000 

Width  EF 

2  950  000 
2  890  000 
2  030  000 

- 

Width  FG 

Width  GH 

Total 

7  870  000 

Average  total 

negative  moment 

7  520  000 

East  and  West  Sections 


Negative  Moment 

Positive  Moment 

Width  MX 

Width  NO 
Width  OP 

2  190  000 
2  950  000 
1  680  000 

Width  QK 
Width  KG-FJ 
Width  JT 

600  000 

1  340  000 

730  000 

Total 

6  820  000 

Total 

2  670  000 

Table  3  gives  the  resisting  moments  accounted  for  by  the  stresses 
observed  in  the  reinforcing  bars  as  calculated  by  the  method  described. 
A  comparison  of  these  moments  with  the  values  of  the  analytical 
moments  already  given  indicates  that  about  88  per  cent  of  the  analyti- 
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cal  negative  moment  is  accounted  for  by  the  stresses  in  the  rein- 
forcing bars  in  the  case  of  the  north  and  south  section  and  92  per  cent 
in  the  case  of  the  east  and  west  section.  For  positive  moments  68  per 
cent  of  the  analytical  positive  moment  is  accounted  for  in  the  north 
and  south  section  and  72  per  cent  in  the  east  and  west  section.  The 
average  percentages  for  the  sections  in  the  two  directions  are  90  for 
the  negative  moment  and  70  for  the  positive  moment. 

The  reinforcing  bars  are  not  the  only  source  of  tensile  resistance 
in  the  slab ;  tensile  strength  of  concrete  assists.  It  is  evident  that  at 
sections  of  positive  moment  tension  in  the  concrete  may  make  up  a 
considerable  part  of  the  resistance  offered  by  the  slab,  and  even  at 
sections  of  negative  moment  it  may  have  an  effect.  This  tension  will 
be  especially  influential  in  regions  away  from  cracks.  At  points  of 
the  sections  which  are  outside  the  loaded  area  and  where  the  stresses 
in  the  bars  are  small  it  may  be  expected  to  form  a  not  inconsiderable 
part  of  the  total  resisting  moment  developed.  Of  course,  if  all  panels 
were  loaded,  the  effect  of  tension  in  the  concrete  would  be  much  less, 
since  its  greatest  proportional  effect  is  outside  the  loaded  area. 

In  making  comparisons,  it  must  be  kept  in  mind  that  the  unit- 
strain  computed  from  the  measurements  gives  the  average  strain  over 
the  gage  length  and  that  at  a  crack  the  stress  in  the  bar  will  be  more 
than  the  average  stress  over  the  gage  length. 

Measurements  made  in  beam  tests  in  various  laboratories  gener- 
ally show  that  up  to  loads  near  the  ultimate  load  the  measured  stress 
in  the  reinforcing  bars  is  less  than  that  necessary  to  account  for  the 
full  bending  moment  due  to  the  applied  load.  At  the  lower  stresses 
the  deficiency  is  considerable:  at  stresses  near  the  yield  point  of  the 
steel  it  may  not  be  much,  and  the  measure. I  stresses  may  even  be 
larger  than  necessary  to  account  for  the  bending  moment.  The  ef- 
fect is  particularly  noticeable  in  concrete  of  high  quality. 

On  the  whole  the  analytical  values  of  the  moments  are  closely  ap- 
proached,  as  closely   as  may  be  expected   in   tests  of  this   kind.      The 

negative  moment  of  course  is  most  fully  accounted  for,    The  positive 
moment  is  not  wholly  accounted  for;  but  as  the  section  of  positive 

moment    involves    relatively    low   stivers    the   effect    of   the    tensile    W 

sjstai of  the  concrete  on  the  measured  nt i ciwrii  may  be  considerable, 

especially  in  the  pan  of  the  slab  outside  the  loaded  area.    It  must  oot 
be  overlooked,  also,  that  the  stress  in  the  bars  at  the  cracks  will  be 

larger  than  the  average  stress  over  the  u'a-je  length. 
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It  should  be  noted  that  in  the  case  of  negative  moments  the 
magnitudes  of  the  moments  found  for  the  part  of  the  sections  ad- 
jacent to  the  central  column  are  smaller  than  those  for  the  corres- 
ponding parts  of  the  sections  adjacent  to  the  outer  columns.  In  the 
case  of  column  15,  part  of  this  difference  is  due  to  the  additional 
amount  of  reinforcement  furnished  by  the  extra  laps  at  this  place, 
and  it  should  be  noted  too  that  the  larger  number  of  laps  at  the  outer 
columns  makes  this  portion  of  the  slab  stiffer  than  the  portion  around 
the  central  column.  In  general,  however,  most  of  it  appears  to  be  due 
to  the  stresses  developed  in  slab  and  reinforcing  bars  outside  the 
loaded  area,  a  part  of  the  slab  which  has  not  usually  been  considered 
to  contribute  to  the  resisting  moment.  In  the  sections  of  positive  mo- 
ment, the  magnitudes  of  the  resisting  moments  found  are  less  propor- 
tionally at  the  ends  of  the  sections  than  at  the  middle,  a  condition 
which  may  be  due  to  the  greater  proportional  effect  of  the  tensile  re- 
sistance developed  in  the  concrete  in  these  regions. 

The  foregoing  comparisons  have  been  made  on  the  basis  of  the 
full  analytical  value  of  the  bending  moment  and  by  considering  one- 
third  of  it  as  positive  moment  and  two-thirds  as  negative  moment. 
The  Joint  Committee  on  Concrete  and  Reinforced  Concrete  recom- 
mended for  the  sum  of  the  positive  and  negative  moments  a  value 
which  is  about  85  per  cent  of  the  analytical  value  heretofore  used  and 
recommended  that  the  distribution  be  three-eighths  positive  moment 
and  five-eighths  negative  moment.  It  may  be  of  interest  to  note  that 
the  sum  of  the  positive  and  negative  moments  accounted  for  by  the 
measured  stresses  in  the  reinforcing  bars  has  nearly  the  same  value 
as  the  sum  of  the  moments  recommended  by  the  Joint  Committee. 
The  negative  moments  so  accounted  for  are  13  per  cent  higher  than 
the  value  recommended  by  the  Joint  Committee,  and  the  positive  mo- 
ments are  about  73  per  cent  of  the  committee's  values.  In  judging 
of  the  results,  it  should  be  remembered  that  at  the  section  of  positive 
moments  tensile  stresses  in  the  concrete  have  a  considerable  influence 
at  the  stage  of  the  loading  indicated  by  the  stresses  in  the  bars  in  the 
loaded  area  and  outside  of  it.  The  reference  to  the  tensile  resistance 
of  the  concrete  as  contributing  to  the  resisting  moment  of  the  slab  in 
the  test  should  not  be  taken  to  mean  that  it  will  be  effective  as  a  re- 
sistance when  the  ultimate  load  is  reached.  It  is  apparent,  also,  that 
requirements  less  than  those  of  the  Joint  Committee  will  not  provide 
for  all  the  moment  developed  by  the  bars  of  the  slab. 
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In  making  a  comparison  with  methods  used  in  design  it  should 
be  borne  in  mind  that  the  principal  observed  maximum  stresses  were 
from  15  to  25  per  cent  greater  than  the  average  of  the  observed 
stresses  which  were  used  in  computing  the  resisting  moments  accounted 
for  by  the  stresses  in  the  bars ;  in  designing,  a  uniform  stress  over  the 
section  is  assumed. 

14.  Bending  of  Columns. — A  few  gage  lines  were  placed  on 
columns  bordering  the  loaded  area.  In  Fig.  19  the  location  of  these 
is  shown,  together  with  the  load-strain  diagrams.    Although  for  some 


Unit  5tra/n  -  /n.par  //?. 
Fig.  19.     Load-strain  Diagrams  i or  Gaci    Lines  Located  on  Collv. 


of  the  gage  linos  i lie  strains  Bhow  as  tensile  Btrains,  it  is  probable  that 
for  the  gage  lines  given  as  in  tension  the  compressive  Btrain  in  the 
column  duo  to  the  weight  of  the  floors  above  \\ ;i^  sufficient  to  over- 
come the  tensile  strain  measured  by  the  instrument. 
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The  direction  of  the  bending  was  in  the  direction  which  would  be 
expected  from  the  condition  of  loading.  For  gage  line  406  on  a 
column  reinforcing  bar  the  deformation  at  the  load  of  913  lb.  per  sq. 
ft.  corresponded  to  a  flexural  tensile  stress  of  10  500  lb.  per  sq.  in. 
and  for  gage  line  407  on  the  concrete  on  the  opposite  face  of  the 
column  the  strain  was  0.00054  in.  per  in.  corresponding  to  a  stress  of 
2160  lb.  per  sq.  in.  with  a  modulus  assumed  as  4  000  000  lb.  per  sq. 
in.  Similarly  at  gage  line  401  on  a  column  reinforcing  bar  at  the 
east  face  of  column  14  a  stress  of  8100  lb.  per  sq.  in.  was  found,  and 
for  gage  line  403  on  the  concrete  on  the  opposite  face  of  the  column 
the  compressive  stress  was  1200  lb.  per  sq.  in.  based  on  the  same 
modulus  of  elasticity  of  concrete.  The  highest  compressive  strain  on 
column  14  was  found  at  gage  line  404  on  the  southwest  face  of  the 
column.  Gage  line  402  was  placed  across  an  opening  which  had  been 
cut  into  the  concrete  of  the  column  in  an  unsuccessful  effort  to  ex- 
pose column  bars  at  this  point.  A  fine  crack  formed  across  this  gage 
line.    It  is  seen  that  the  deformation  at  this  gage  line  is  large. 

Fine  cracks  formed  on  the  tension  side  of  the  columns  at  or  near 
the  juncture  of  the  column  shaft  and  capital.  At  column  15  a  crack 
was  found  about  half  way  up  the  column  capital.  All  the  cracks 
noted  were  fine  cracks — much  smaller  than  those  observed  on  the 
lower  surface  of  the  slab. 

The  amount  of  flexure  in  the  columns  was  apparently  not  suf- 
ficient to  give  more  than  a  slight  reduction  in  the  proportion  of  re- 
sisting moment  carried  by  the  slab  at  the  sections  at  the  edges  of  the 
loaded  area,  nor  more  than  a  slight  increase  in  the  moment  carried  at 
the  sections  through  the  middle  of  the  loaded  area.  This  view  is  borne 
out  by  calculations  of  the  resisting  moment  developed  at  sections  of 
the  slab  at  the  boundaries  of  the  loaded  area,  as  accounted  for  by  the 
observed  stresses  in  the  reinforcing  bars,  and  also  by  the  results  of 
analytical  determinations  of  the  moments  at  sections  at  the  edges  and 
the  middle  of  the  loaded  area. 

15.  Time  Effect  of  Load  and  Recovery  upon  Removal  of  Load. — 
As  has  been  stated,  two  or  more  sets  of  strain  gage  and  deflection 
readings  were  generally  taken  after  an  increment  of  load  had  been 
applied, — the  first  set  immediately  after  the  last  of  the  load  had  been 
placed  and  another  set  12  hours  thereafter.  A  third  set  was  taken  66 
hours  after  the  load  of  913  lb.  per  sq.  ft.  had  been  applied. 
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The  effect  of  time  on  the  strains  in  the  steel  and  concrete  was 
very  small;  the  reading  in  a  few  of  the  gage  lines  increased  slightly 
after  12  hours,  but  generally  not  enough  to  allow  two  points  to  be 
plotted  on  Fig.  11  to  13  and  not  more  than  may  be  considered  to  be 
within  the  error  of  observation.  This  was  true  for  both  steel  and  con- 
crete even  in  the  most  highly  stressed  places  at  the  maximum  load 
after  a  period  of  66  hours  had  elapsed. 

The  deflection  readings  were  affected  but  little  through  the  12- 
hour  period  until  a  load  of  637  lb.  per  sq.  ft.  was  reached;  Fig.  8 
shows  that  at  this  load  a  marked  change  in  deflection  occurred  at  the 
centers  of  panels  B,  C,  and  D  in  the  12  hours'  time.  At  the  maxi- 
mum load  the  increase  in  deflection  through  the  66-hour  period  was 
small. 

Four  days  were  consumed  in  removing  the  load.  Four  hours 
after  the  last  of  the  load  was  removed,  readings  were  taken  on  the 
gage  lines  and  deflection  points,  and  twenty  hours  later  another  set 
was  taken.  The  cracks  in  both  upper  and  lower  surfaces  of  the  slab 
had  closed  so  that  they  were  not  easily  traced.  The  recovery  in  de- 
flection is  given  by  the  plotted  points  at  the  bottom  of  the  diagrams  in 
Fig.  8.  The  recovery  at  the  centers  of  the  panels  was  about  75  per 
cent ;  at  other  points  it  was  generally  greater.  The  recovery  in  strains 
in  steel  and  concrete  was  also  large.  Even  where  high  stresses  and 
open  cracks  had  been  observed  the  residual  strain  in  the  steel  was  not 
more  than  that  to  be  expected  from  the  lack  of  interlocking  of  parti- 
cles at  the  cracks.  In  the  region  of  high  compressive  stress  in  the  con- 
crete the  recovery  at  the  principal  gage  lines  was  75  per  cent  or  more: 
in  the  reinforcing  bars  the  recovery  averaged  about  BO  ]^iv  cent. 
In  general  the  action  of  the  slab  was  t hat  of  concrete  of  li i ltIi 
quality. 

16.  General  Comments.-  Although  there  were  differences  in  the 
stresses  and  deflections  found  at  corresponding  points  in  the  four 
loaded  panels,  these  differences  can  generally  be  accounted  for  by  (1) 
difference  in  the  arrangement  and  number  of  the  reinforcing  bars, 
(2)   differences  in   position  of  the  bars  with   reaped    to   the  surfaces 

of  the  slab,  and  (3)  differences  in  strength  and  stiffness  of  conei 

in  the  four  panels.  The  large  amount  <>t'  steel  in  the  region  of  the 
column  capitals  l>ord«'rinLr  the  loaded  area  (where  there  were  two  or 
three  hands  lapped)  added  greatly  t<>  the  stifi'm^s  of  the  ilab  in  this 


42  ILLINOIS    ENGINEERING   EXPERIMENT   STATION 

region.  The  effect  of  this  added  stiffness  was  to  cause  higher  relative 
stresses  to  be  developed  at  the  columns  bordering  the  loaded  area,  and 
relatively  large  negative  resisting  moments  were  developed  at  col- 
umns where  lapped  bars  were  numerous.  Another  effect  of  the  lapping 
of  bars  at  columns  and  in  certain  of  the  rectangular  bands  was  to  de- 
crease the  deflection  of  the  slab  in  the  panels  affected  by  the  laps.  The 
influence  of  the  position  of  the  reinforcing  bars  has  already  been  dis- 
cussed. Higher  stresses  in  reinforcing  bars  and  greater  deflections  in 
the  slab  were  found  in  the  panels  for  which  the  compression  tests 
showed  weaker  and  less  stiff  concrete.  Cracks,  also,  were  wider  and 
more  numerous  in  these  panels.  It  is  apparent  that  the  tensile  resist- 
ance of  the  concrete  at  sections  of  positive  moment,  particularly  near 
the  outer  edges  of  the  loaded  panels,  contributed  to  the  resistance  of 
the  slab  even  at  the  maximum  load. 

With  reference  to  the  design  of  the  slab,  it  may  be  noted  that  the 
slab  was  strongly  reinforced,  though  the  reinforcing  bars  were  not 
distributed  to  the  best  advantage  and  the  laps  were  not  placed  so  as 
to  be  fully  effective.  Taking  the  total  reinforcement  found  over  the 
loaded  area  and  immediately  outside,  and  including  such  lapped  bars 
as  had  sufficient  anchorage  beyond  critical  sections  to  be  effective 
(there  were  many  lapped  bars  which  were  not  counted  as  effective), 
and  considering  the  thinness  of  the  slab,  the  amount  of  reinforcement 
for  negative  moment  was  on  the  average  as  much  as  that  required  for 
the  negative  moments  recommended  by  the  Joint  Committee  on  Con- 
crete and  Reinforced  Concrete.  The  amount  of  reinforcement  avail- 
able for  positive  moment  was  on  the  average  more  than  50  per  cent 
greater  than  that  required  for  the  positive  moments  recommended  by 
the  same  committee.  The  distribution  of  the  reinforcing  bars  was, 
however,  quite  different  from  that  recommended  by  this  committee. 
It  may  be  noted  also  that  the  amount  of  reinforcement  was  greater 
than  that  required  by  most  building  regulations. 

Although  the  nominal  thickness  of  the  slab  (8V2  in0  was  less 
than  that  required  by  building  regulations,  the  slab  fulfilled  the 
common  requirements  for  compressive  and  shearing  stresses  in  con- 
crete of  the  high  quality  shown  in  the  tests  of  prisms  taken  from  the 
slab.  The  provisions  of  the  Joint  Committee  on  Concrete  and  Rein- 
forced Concrete  for  bending  moments  and  working  stresses  in  con- 
crete of  3000  lb.  per  sq.  in.  strength  give  a  thickness  about  the  same 
as  the  designed  thickness  of  the  slab. 
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In  view  of  the  large  number  of  lapped  bars  not  shown  on  the 
building  plans,  the  use  of  high-earbon  steel  instead  of  the  mild  steel 
specified,  and  the  unexpectedly  high  strength  of  the  concrete,  it  is 
not  strange  that  the  floor  carried  a  much  higher  load  than  was  antici- 
pated when  the  test  was  begun. 

17.  Wrecking  of  the  Floor. — As  soon  as  the  load  was  removed, 
portions  of  the  floor  in  the  four  panels  of  the  loaded  area  were  broken 
into  to  uncover  the  reinforcing  bars  at  important  sections.  Measure- 
ments of  the  position  and  location  of  the  reinforcing  bars  were  made 
for  use  in  calculation.  The  thickness  of  the  floor  was  measured  at  a 
number  of  points  to  check  the  values  obtained  from  level  readings. 
Photographs  were  taken  to  give  a  record  of  the  position  and  location  of 
reinforcing  bars  and  their  laps;  Fig.  21  is  a  sample.  As  the  wrecking 
of  the  floor  by  the  contractor  progressed,  further  measurements  of  the 
position  of  the  reinforcing  bars  and  their  laps,  including  those  in  the 
bands  outside  of  the  loaded  area,  were  taken. 

The  wrecking  of  the  buildinpr  by  the  contractor  was  an  interest- 
ing operation.  Fires  were  first  built  around  the  columns  on  the  floor 
below  the  one  to  be  wrecked;  the  effect  on  the  concrete  at  the  base  of 
the  column  after  several  hours  application  of  heat  was  to  crack  and 
loosen  the  concrete  shell  and  expose  the  reinforcement.  To  assist  in 
cracking  the  concrete  and  separating  it  from  the  steel,  in  many  ei 
water  was  tin-own  over  the  columns  after  they  were  well  heated.  A 
heavy  iron  pear-shaped  weight  (about  1600  pounds)  was  dropped  on 
the  floor  immediately  over  the  column  capital  close  to  where  the 
column  of  the  story  above  had  been.  After  the  column  capital  had 
been  sheared  and  shattered  by  this  operation,  the  portion  of  the 
floor  surrounding  the  column  and  that  directly  between  columns  was 
broken  up  with  the  weight  and  with  sledge  hammers.  After  the  con- 
crete of  Bectiona  of  the  floor  had  been  removed  in  this  way.  the  re- 
inforcing  bars  were  cu1  with  the  oxyacetylene  flame.  Many  of  the 
bars  were  taken  out  in  good  condition.  The  process  was  continued 
until  the  entire  floor  was  wrecked.  The  Longitudinal  reinforcing  bars 
in  tlif  column  were  then  cut  near  the  floor  below  and  the  columns 

were  pulled  down  on   the  tloor  and  broken  up  with  the  heavy  weight 
and   haiimi' 

18.  Summary.  The  following  deductions  have  been  drawn  in 
the  foregoing  presentation  of  the  results  of  the  test : 
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(1)  The  tests  of  samples  of  the  concrete  from  the  slab,  as 
well  as  the  hardness  and  toughness  of  the  concrete  observed  in 
breaking  up  the  slab,  indicate  that  the  concrete  was  of  unusually 
good  quality  and  that  it  had  high  strength  and  stiffness.  The 
action  of  the  slab  under  load  was  that  to  be  expected  with  high 
grade,  well-seasoned  concrete.  The  effect  of  time  on  the  stresses 
in  steel  and  concrete  and  on  the  deflection  of  the  slab  under  a 
sustained  load  was  slight,  even  over  a  period  of  66  hours  under 
the  maximum  load  of  913  lb.  per  sq.  ft., — conditions  which  would 
not  exist  at  an  early  age  of  concrete.  Upon  removal  of  load,  the 
recovery  in  deflection  at  the  centers  of  the  panels  was  about  75 
per  cent  of  that  under  load,  and  at  other  points  generally  more ; 
the  recovery  in  strains  in  steel  and  concrete  was  as  large. 

(2)  The  position  of  the  important  cracks  on  both  upper  and 
lower  sides  of  the  slab  may  be  expected  to  indicate  the  region  of 
high  tensile  stresses  in  the  reinforcing  bars;  it  is  also  an  indica- 
tion of  the  general  action  of  the  slab  in  flexure.  The  cracks  on 
the  upper  side  at  the  load  of  913  lb.  per  sq.  ft.  opened  to  a  width 
of  0.02  to  0.06  in. ;  those  on  the  lower  side  were  not  so  wide.  Up- 
on removal  of  the  load  the  cracks  closed,  leaving  the  surfaces  of 
the  slab  with  the  appearance  which  they  had  before  the  load  was 
applied. 

(3)  For  reinforcing  bars  in  the  upper  side  of  the  slab  in 
the  regions  of  negative  moment,  the  stresses  in  bars  of  diagonal 
bands  were  greater  than  those  in  bars  of  rectangular  bands,  a 
stress  of  57  300  lb.  per  sq.  in.  being  observed  in  a  diagonal  bar 
and  one  of  42  000  lb.  per  sq.  in.  in  a  rectangular  bar  at  the  maxi- 
mum load.  Stresses  were  found  in  both  rectangular  and  diagonal 
bars  at  the  columns  bordering  the  loaded  area  nearly  as  great  as 
those  at  corresponding  points  at  the  central  column.  Stresses  of 
some  magnitude  were  found  in  bars  outside  the  loaded  area.  The 
stresses  given  do  not  include  the  stress  due  to  the  load  of  the 
slab  itself. 

(4)  For  reinforcing  bars  in  the  lower  side  of  the  slab  in 
the  regions  of  positive  moment,  the  stresses  in  bars  of  rectangular 
bands  were  greater  than  those  in  bars  of  diagonal  bands  even 
though  the  former  were  farther  above  the  lower  surface  of  the 
slab  than  the  latter;  in  the  one  apparent  exception,  the  presence 
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of  laps  doubled  the  usual  number  of  bars.  At  the  maximum  load 
stresses  of  24  000  to  30  000  lb.  per  sq.  in.  were  observed  in  ban 
of  rectangular  bands  and  of  20  000  to  24  000  lb.  per  sq.  in.  in 
bars  of  diagonal  bands.  A  stress  of  15  600  lb.  per  sq.  in.  was 
observed  in  a  bar  outside  the  loaded  area  at  the  edge  of  a  rec- 
tangular band. 

(5)  On  the  upper  surface  of  the  slab  the  greatest  com- 
pressive strains  were  found  at  gage  lines  along  the  inner  panel 
edges  midway  between  columns,  ranging  from  0.0009  to  nearly 
0.001  in.  per  in.  at  the  maximum  load ;  at  the  centers  of  the 
panels  values  about  half  as  great  were  found.  On  the  lower  sur- 
face the  greatest  strains  were  found  at  the  middle  column ;  these 
ranged  from  0.0012  to  0.0016  in.  per  in.,  values  which  are  as  great 
as  the  strains  found  at  failure  in  the  tests  of  the  concrete  prisms 
cut  from  the  slab  and  as  great  as  are  ordinarily  found  in  com- 
pression tests  of  concrete  at  the  ultimate  load.  In  some  places 
there  was  chipping  and  spalling  of  the  concrete.  It  is  evident 
that  the  action  of  the  surrounding  concrete  assisted  in  prevent- 
ing failure.  At  gage  lines  crossing  the  inner  panel  edges  high 
compressive  strains  also  were  found,  even  though  there  was  no 
tension  reinforcement  in  the  upper  side  of  the  slab  in  this  region. 
It  may  be  noted  that  the  maximum  compressive  strains  on  the 
upper  surface  of  the  slab  were  one-half  to  three-fifths  those  found 
on  the  lower  surface.  The  intensity  of  the  strains  at  various 
points  along  sections  of  positive  moment  and  negative  moment 
will  give  some  measure  of  the  distribution  of  intensity  of  moments 
along  those  sections. 

(6)  The  observed  stresses  in  the  reinforcing  bars  accounted 
for  about  90  per  cent  of  the  analytical  negative  moment  and 
about  70  per  cent  of  the  analytical  positive  moment,  as  given  by 
the  methods  used.  It  should  be  noted  that  the  observed  stresses 
used  are  average  stresses  over  the  gage  length,  and  the  Stress  at 
a  crack  may  be  expected  to  be  greater  than  the  average  over  the 
gage  Length.  It  seems  probable  thai  tensile  resistance  of  the  con- 
crete contributed  to  the  resistance  of  the  Blab,  particularly  in  the 

sections  of  positive  moment   and   m   region*  near  the  edgCfl  of  the 

loaded  area.    A  similar  influence  of  the  tensile  resistance  of  con 
crete,  when  the  Btressei  in  the  steel  are  well  below  its  yield  point, 

has  been  observed   in   numerous  beam   tests.     That   the  tensile   rs- 
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sistance  of  the  concrete  contributed  to  the  resisting  moment  of 
the  slab  in  the  test  should  not  be  taken  to  mean  that  it  will  be 
effective  in  resisting  moment  when  the  ultimate  load  is  reached. 
It  may  be  noted  also  that  the  sum  of  the  positive  and  negative  mo- 
ments accounted  for  by  the  measured  stresses  in  the  reinforcing 
bars  has  almost  the  same  value  as  the  sum  of  the  positive  and 
negative  moments  recommended  by  the  Joint  Committee  on  Con- 
crete and  Reinforced  Concrete,  and  that  the  negative  moments 
so  accounted  for  are  about  113  per  cent  and  the  positive  moments 
about  73  per  cent  of  the  moments  recommended  by  this  commit- 
tee. In  making  a  comparison  with  methods  used  in  designing  it 
should  be  borne  in  mind  that  the  principal  maximum  stresses 
were  from  15  to  25  per  cent  greater  than  the  average  stresses 
which  were  used  in  computing  the  resisting  moments  accounted 
for  by  the  stresses  in  the  bars ;  in  designing,  a  uniform  stress 
over  the  section  is  assumed. 

Although  the  arrangement  of  bars  was  not  as  recommended, 
the  amount  of  reinforcement  for  negative  moment,  considering 
all  available  bars  over  the  area  used,  was  as  much  as  that  required 
for  the  negative  moments  recommended  by  the  Joint  Committee 
on  Concrete  and  Reinforced  Concrete,  even  though  the  slab  was 
thinner  than  recommended  for  ordinary  concrete.  The  amount 
of  reinforcement  for  positive  moment  was  more  than  50  per  cent 
greater  than  that  required  for  the  positive  moments  recommended 
by  the  committee.  Although  the  nominal  thickness  of  the  slab 
was  less  than  that  required  by  building  regulations,  it  fulfilled 
the  provisions  of  the  committee  for  bending  moments  and  working 
stresses  for  concrete  of  a  test  strength  of  3000  pounds  per  square 
inch. 

(7)  The  action  of  the  floor  slab  under  test  should  give  added 
confidence  in  the  suitability  and  reliability  of  the  flat  slab  as  a 
load-carrying  structure. 
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ANALYSIS   AND   TESTS  OF  RIGID  I A    CONNECTED 
REINFORCED   CONCRETE    FRAMES* 


I.    Introduction 


1.  Preliminary. — The  rigidly  connected  frame  has  frequent  ap- 
plication- in  reinforced  concrete  construction.  It  is  made  use  of  in 
engineering  structures  in  a  variety  of  forms.  With  a  wider  knowledge 
of  the  analysis  of  rigidly  connected  frames  of  reinforced  concrete  it  is 
believed  that  the  frami  \\  element  in  design  will  become  more 

important  and  will  be  utilized  in  various  ways  in  gaining  economic- 
and  in  securing  effective  designs. 

Notwithstanding  the  importance]  the  exact  determination  of 
Btras  -  they  actually  occur  in  a  rigidly  connected  reinforced  con- 
crete frame  is  not  usually  attempted.  In  most  cases  the  determina- 
tion requires  considerable  time  and  labor  to  work  out  the  formulas 
for  statically  indeterminate  quantities  which  depend  upon  the  number 
and  the  fixity  of  the  supports.  There  arc  few  publications  in  English 
which  treat  this  subject  systematically,  and  formulas  for  practical 
ii-«'  arc  not  generall)  available.     In  some  quarters  there  may  still  he 

a   lack   of   acceptance   of   the   principle  of  continuity   and   the  effect    of 

rigidity  of  join'-  a-  applied  to  reinforced  concrete  construction. 

In  this  bulletin  formulas  for  moment-  and  other  indeterminate 
quantities  foi  al  types  of  indeterminate  structures  are  pn  - 

For  the  derivation  of  the  formulas  the  method  which  involves  the 
of  the  principle  of  leasl  work  was  chosen.    To  tesl  the  applicability 
and  reliability  of  the  methods  of  anal}  I  frames  designed  according 

to  the  formulas  found  by  the  analyses  were  fabricated  and  the  deforma- 
tion- produced  in  various  part-  of  the  members  under  the  action  of  the 

load-  measured,  and  a  study  and  comparison  of  the  results  of  anal} 
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and  test  have  been  made.  The  general  rigidity  at  the  places  where 
the  members  are  joined  has  been  investigated.  The  work  is  presented 
in  the  thought  that  it  will  be  helpful  in  bringing  into  wider  use  the 
principles  applicable  to  the  design  of  rigidly  connected  reinforced  con- 
crete constructions. 

2.  The  Use  and  the  Advantages  of  the  Rigidly  Connected  Reinforced 
Concrete  Frame. — Since  about  1905  reinforced  concrete  frame  construc- 
tion has  been  extensively  used  in  continental  Europe.  Many  examples 
can  be  found  in  the  German  texts  and  magazines.  In  England  also 
frame  constructions  of  reinforced  concrete  viaducts  and  other  structures 
have  been  built  in  recent  years.  There  is  also  a  tendency  in  America 
to  use  reinforced  concrete  frames  for  buildings  and  bridges. 

The  field  of  the  application  of  rigid  frames  is  almost  unlimited, 
for  most  reinforced  concrete  structures  are  composed  of  elements  of 
rigid  frames.  It  covers  such  constructions  as  buildings,  bridge  struc- 
tures, trestles  and  viaducts,  culverts  and  sewers,  subway  construction, 
retaining  walls,  and  reservoirs  and  water  tanks.  In  these  structures 
rigid  connections  are  used  between  members  and  in  many  or  most  of 
them  the  bending  moments  are  statically  indeterminate. 

It  is  clear  that  every  building  construction  of  reinforced  concrete 
may  be  considered  as  a  rigidly  connected  frame,  for  columns,  girders, 
beams  and  slabs  are  all  rigidly  connected  with  each  other,  even  though 
the  effect  of  this  condition  is  not  fully  considered  in  the  design.  In 
continental  European  countries  it  is  most  common  to  use  frames  in 
building  constructions,  such  as  roofs,  balconies,  towers,  and  the  build- 
ing as  a  whole.  In  the  design  the  requirements  and  the  advantages 
of  the  frame  are  taken  into  account. 

Bridge  structures  are  in  the  field  of  the  rigid  frame.  Arches, 
beam  and  bent  construction,  and  most  bridge  structures  can  be  designed 
as  frames  on  a  rigid  analytical  basis.  In  highway  bridges,  for  exam- 
ple, a  spandrel-braced  arch  is  frequently  used.  In  such  a  case  columns 
are  rigidly  connected  to  the  arch  ribs  and  to  the  superstructure,  and 
therefore  the  design  should  be  made  as  a  rigidly  connected  frame. 
The-  designing  of  trestles  and  viaducts  as  a  frame  will  secure  safety 
and  at  the  same  time  obtain  the  best  proportioning  of  parts. 

Box  culverts  and  the  box  type  of  construction  for  subways  give 
sections  which  are  examples  of  the  rigidly  connected  frame  and  which 
may  not  be  rationally  designed  without  a  sufficient  knowledge  of  rigid 
frames. 
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In  water  tanks  and  reservoirs  of  a  rectangular  or  a  polygonal 

form,  the  unknown  negative  bending  moment  due  to  a  rigid  connection 
of  wall  to  wall  or  base  to  wall  will  (  each  corner.     These  momenta 

are  modified  by  the  relative  thickness  of  walls  and  the  other  dimen- 
sions of  the  structure.     A  knowledge  of  the  rigid  frame  will  gugg 
the  proper  method  of  soluti< 

It  can  thus  be  -ecu  that  most  monolithic  construction  falls  within 
the  field  of  the  rigid  frame.  A  study  of  the  rigid  frame  will  assist  in 
developing  judgment  for  use  in  the  design  of  such  construction. 

In  building  and  structural  design,  insufficient  attention  is  often 
given  to  the  bending  of  columns  caused  by  the  rigidity  of  connection-. 
The  bending  moment  for  a  beam  is  frequently  taken  as  an  assumed 
fraction  of  VI  (where  P  is  the  load  and  /  is  the  span)  while  bending 
moment-  at  the  end-  and  in  the  columns  are  disregarded  entirely,  thus 
leaving  the  structure  inadequate  or  making  one  part  stronger  at  the 
expense  of  the  other. 

The   reinforced   concrete  frame  i<   advanta.  in   that    material 

can  he  saved  and  a  much  better  result  obtained  from  the  theoretical 
and  structural  point  of  view.  In  ordinary  concrete  building  construc- 
tion the  element  of  rigidity  is  usually  not  fully  taken  advantage  of. 
With  the  concrete  frame  construction,  however,  the  rigidity  of  the 
connection  of  the  members  may  be  used.  The  rigid  frame  i- 
capable  of  exact  design,  and  therefore  the  economical  distribution  of 
materials  can  be  realized. 

One  reason  why  some  engineers  hesitate  to  use  concrete  frames 
extensively  is  that  they  hardly  believe  in  the  continuity  of  the  p 
of  the  structure  and  doubt  the  effect  of  the  rigidity  of  the  connection. 
The  question  is  also  naturally  raised  if  the  formulas  deduced  from 

the  elastic  work  of  deformation  of  a  non-homogeneous  material  like 
reinforced  concrete  will  hold  good  for  Mich  composite  members  with 
fair  agreement;  furthermore  tl  i  idary  stresses  may  act   to  modify 

the  result-.      I  fader  actual  conditio  -  well  known,  the  fundamental 

assumptions  which  underlie  the  static  considerations  can  seldom  he 
more  than  partially  fulfilled  even  undi  ully  prepared  specifications 

and  well  executed  designs.     These  things  must  be  considered  l>c 
coming  to  a  conclusion  a-  to  the  reliability  1  rein- 

forced concrete  frames.     I'  is  evident  t  !  concri 

will  be  reliable  if  there  i-  perfect  continuity  or  complete  rigidity  of  joint, 
do  ment  between  theory  and  ind  a  -mall  ei 

stresses   ol  [1  known   that    an   experi- 
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mental  study  of  this  subject  has  before  been  made.  It  may  be  expected 
then  that  careful  experiments  and  investigation  will  give  information 
which  will  help  to  settle  these  questions. 

3.  Scope  of  Investigation  and  Acknowledgment. — In  this  bulletin 
formulas  for  several  types  of  statically  indeterminate  structures  which 
have  been  deduced  by  the  use  of  the  principle  of  least  work  are  given. 
For  vertical  load  the  following  cases  have  been  analyzed:  (1)  single 
story,  single  span;  (2)  single  story,  three  spans;  (3)  trestle  bent  with 
tie,  single  span;  (4)  building  frame  with  several  stories  and  several 
spans:  and  (5)  bridge  trestle.  For  horizontal  load  the  following  cases 
have  been  analyzed:  (1)  single  story,  single  span;  (2)  octagonal  reser- 
voir or  tank;  and  (3)  rectangular  reservoir  or  tank. 

In  order  to  put  to  practical  test  the  reliability  of  these  formulas 
for  reinforced  concrete  structures,  eight  test  frames  designed  according 
to  the  formulas  found  by  the  analyses  were  made,  and  the  deformations 
produced  in  the  various  parts  of  the  members  by  the  series  of  test  loads 
were  measured.  In  the  design  of  the  frames  requirements  not  touched 
upon  by  the  analyses  referred  to  were  provided  for  in  a  practical  way. 
The  analyses  and  the  results  of  the  tests  have  been  subjected  to  critical 
study  and  discussion.  The  specimens  were  made  in  November  and 
December,  1913,  and  January,  1914,  and  were  tested  in  January, 
February,  and  March,  1914.  In  making  these  tests  the  purpose  was 
to  obtain  experimental  information  along  the  following  lines  which  have 
a  bearing  on  the  design  of  rigidly  connected  reinforced  concrete  frames: 

(1)  The  amount  and  the  distribution  of  stresses  in  the  rein- 
forcement and  in  the  concrete 

(2)  The  continuity  of  the  composing  members  of  a  frame 

(3)  The  location  of  sections  of  critical  stress 

(4)  The  reliability  of  a  reinforced  concrete  frame 

(5)  The  applicability  of  the  theoretical  formulas  in  the  design 
of  frames. 

The  experimental  work  was  done  as  a  research  problem  of  the 
Engineering  Experiment  Station  of  the  University  of  Illinois. 

The  work  was  under  th<>  charge  of  Professor  Arthur  N.  Talbot, 
to  whom,  a-  well  as  to  other  members  of  the  staff,  acknowledgment  is 
due  for  valuable  ad  aid. 

The  limit  for  this  bulletin  will  not  permit  publication 

of  even  a  small  part  of  the  details  of  the  derivation  of  the  formulas 


REINFORCED    CONCRETE   FRAMES  13 

found  nor  of  the  observations,  calculations,  and  other  data  of  the 
tests.  Instead  the  plan  has  been  followed  generally  of  giving  the 
formulas  found  from  the  analyses  without  the  details  of  the  derivation 
and,  in  the  case  of  the  experimental  work,  of  showing  graphically  the 
main  stresses  that  were  observed  at  the  principal  loads,  and  of  not 
including  details  of  the  data.  The  original  and  the  reduced  data  and 
more  detailed  work  of  the  analyses  are  on  file  at  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois. 


14  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


II.     The  Analysis  of  Rigidly  Connected  Frames 

4.  Notation. — The  following  notation  is  used  generally  throughout 
the  bulletin: 

A  =  area  of  cross-section  of  a  member.  Numerical  suffixes  are 
used  for  individual  members  when  a  frame  is  composed  of 
members  of  different  sizes. 

A  is  also  used  as  a  coefficient  to  represent  certain  alge- 
braic expressions. 

a  =  distance  from  the  left  corner  or  axis  of  a  frame  to  the  point 
of  application  of  a  concentrated  load  on  a  top  beam. 

b  =  distance  from  the  right  corner  or  axis  of  a  frame  to  the 
point  of  application  of  a  concentrated  load  on  a  top  beam. 

E  =  modulus  of  elasticity  (considered  as  constant)  of  the 
material. 

H  =  horizontal  reaction  acting  at  the  end  of  a  column. 

I  =  moment  of  inertia  in  general. 

h  =  total  vertical  height  of  frame. 

I  =  total  length  of  horizontal  span  of  frame. 

s  =  length  of  an  inclined  member. 

m  =  ratio  of  moment  of  inertia  of  horizontal  member  to  that 
of  vertical  member. 

n  =-y  =  ratio  of  height  of  frame  to  length  of  span. 

M  =  bending  moment  in  general. 

N  =  normal  force  or  stress  on  a  section  (total  internal  force 

normal  to  the  section). 
P  =  a  concentrated  load. 
p  =  intensity  of  a  uniformly  distributed  load. 
V  =  vertical  reaction. 
fs  =unit  stress  in  steel  in  tension. 
f's  =  unit  stress  in  steel  in  compression. 
fc  =  unit  stress  in  concrete  in  compression. 

In  the  diagrams  representing  the  forms  of  the  frames  analyzed, 
the  ends  of  members  are  indicated  by  lower  case  letters  and  the  symbols 
for  the  properties,  forces,  and  moments  use  these  letters  as  subscripts 
to  indicate  the  members  to  which  they  apply  as  well  as  the  point  of 
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application.  The  method  of  use  will  be  made  clear  by  the  following 
examples  and  by  reference  to  Fig. 

//     =  horizontal  reaction  at  a. 

/„,,   =  moment  of  inertia  of  member  ab. 

= vertical  heighl  of  be. 
/,„.    =  length  of  horizontal  projection  of  be. 
M ,  =  bending  moment  at  any  point  in  be. 

.").     Statically  DeterminaU  and  IndetenninaU  Systems  awl  Number 
Statically  Indeterminates. — A  force  is  said  to  be  statically  determinate 

when  its  direction  and  magnitude  and  it<  point  of  application  are  known 
from  the  conditions  of  static  equilibrium.  The  conditions  of  static 
equilibrium  for  any  number  of  forces  in  a  plane,  a-  is  generally  well 

known,  are  three,  that  is  to  say, 

(1)     1=0,  or  the  algebraic  sum  of  all  vertical  forces  acting 

on  a  body  is  equal  to  zero. 
2       X  =  Q}  or  the  algebraic  sum  of  all  horizontal  forces  acting 
OH  a  body  is  equal  to  zero. 

(3)    Af=0,  or  the  algebraic  sum  of  the  moments  of  all  forces 

equal  to  zero. 

The  load-  to   which   structures   may   he  subjected    are    always    given 
The   other   external    force-    are    the    reactions   due    to    the    loads.      The 

reactions  are  exerted  by  the  supports  of  the  structure,  and  in  order 

that  they  may  be  determined  from  the  statical  conditions  the  total 

number   of   unknown-   must    not    exceed   three     The   ordinary   trusses 
without    redundant    members    are    always    statically    determinate    if    a 
frictionless  pin  is  used  at   each   joint    and  if   in  the  determination  the 
ct    of   the   longitudinal   deformation  of  members  on   the 

neglected.     1:  in  which  two  members  meet  at  a  joint  i-  considered 

a-  mown  in   Fig.   1.  two  unknown  forces  exi-t  at  the  joint,  the  vertical 


Flo.   1.     mmii  i    Mr  wo    wim  i  rKATED   Load 
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and  horizontal  forces,  and  therefore  the  total  number  of  unknown 
forces  due  to  the  external  force  P  is  six.  But  each  member  will  give 
three  statical  conditions  as  stated  before,  and  therefore  this  is  a  stati- 
cally determinate  system. 

In  studying  the  behavior  of  statically  determinate  and  statically 
indeterminate  systems,  the  conception  of  the  connection  of  members 
by  means  of  joint  bars  is  a  convenience.  In  Fig.  2  (a)  the  two  members 
are  not  connected.     They  are  entirely  free  to  move  horizontally  and 
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Fig.  2.     Illustrations  of  Degree  of  Indeterminateness  by  Means  of 

Joint  Bars 

vertically  and  also  are  free  in  rotation;  accordingly  it  may  be  called 
the  arrangement  having  three  freedoms  in  motion.  An  example  of 
this  arrangement  is  a  touching  joint  between  the  free  ends  of  cantilever 
beams  as  shown  in  Fig.  2  (b).  In  Fig.  2  (c)  two  members  are  connected 
by  a  single  bar,  and  they  are  prevented  from  moving  vertically,  but 
are  free  to  move  horizontally  and  to  rotate  about  a  point  A.  This 
may  be  called  the  arrangement  having  two  freedoms  in  motion.  An 
example  of  this  arrangement  is  the  frictionless  roller  end  of  a  cantilever 
as  shown  in  Fig.  2  (d).  In  Fig.  2  (e)  two  members  are  connected  by 
two  connecting  bars  and  have  only  one  freedom  in  motion,  that  is,  the 
rotation  of  a  member  about  A,  the  intersecting  point  of  two  bars. 
The  crown  hinge  of  an  arch,  Fig.  2  (f),  is  an  example.  In  Fig.  2  (g), 
two  members  are  connected  by  three  joint-bars,  and  may  be  called  a 
rigid  connection  which  allows  no  freedom  of  motion.  The  restrained 
end  of  a  cantilever  beam,  Fig.  2  (h),  is  an  example  of  this  arrangement. 
To  make  a  rigid  joint  it  is  necessary  to  have  three  joint  bars  at 
each  connection  between  members,  and  3$  conditions  of  equilibrium 
must  be  set  up  to  determine  SS  unknowns  when  the  structure  is  com- 
posed of  8  members.     If  the  structure  is  rigidly  connected  to  the  ground, 
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more  conditions  than  35  arc  required.     Let  a  be  the  number  of  joint- 
bars  needed  to  connect  one  member  to  another,  and  b  be  the  num 
of  joint  bars  needed  to  connect  the  member  to  the  ground;  then  from 
the  existing  3*S  conditions  the  following  relation  is  necessary  to  in 
the  structure  statically  determinate. 

When  the  members  in  the  structure  are  all  rigidly  connected  to  each 

other,  a+b  always  exceeds  SS  and  therefore  the  case  becomes  a 
call}'  indeterminate  system  in  which 

a-\-b  —  3S  =  m 

where  m  represents  the  number  of  the  statically  indeterminate  forces. 
Such  a  system  is  called  w-fold  statically  indeterminate,  and  m  addi- 
tional equations  of  condition  are  n<  to  determine  these  unknow 
Fig.  3  gives  a  few  exampli 
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In  general  the  change  in  length  of  a  member  due  to  the  direct 
stresses  in  the  member  will  have  an  effect  on  the  magnitude  of  the 
stresses  developed.  However,  as  is  shown  in  a  later  paragraph,  this 
effect  is  very  slight  in  all  ordinary  forms  of  construction  and  has  been 
neglected  in  stating  the  method  of  determining  the  degree  of  indeter- 
minateness.  Consequently  in  any  member  in  which  the  change  in 
length  due  to  the  direct  stress  has  an  appreciable  effect  on  the  stress 
developed,  the  criterion  stated  does  not  apply.  Fig.  4  illustrates  such 
a  case. 

P 


Fig.  4.    Type  of  Structure  in  which  Effect  of  Normal  Force  is  Great 

6.  Principle  of  Least  Work. — By  a  law  of  nature,  the  principle 
of  least  work,  the  resisting  forces  will  develop  no  more  energy  than  the 
minimum  which  is  necessary  to  maintain  equilibrium  with  the  external 
forces;  or  in  other  words,  the  external  forces  are  so  adjusted,  among 
themselves,  as  to  develop  internal  forces  in  the  structure  which  will 
make  the  total  internal  work  of  resistance  of  the  internal  forces  a 
minimum.  When  forces  act  upon  an  elastic  system  in  which  the 
deformations  are  proportional  to  the  stresses,  the  principle  of  least 
work  may  be  applied  to  determine  the  statically  indeterminate  forces. 

The  principle  of  least  work  has  been  known  for  a  hundred  years, 
but  the  first  complete  announcement  of  this  theorem  was  given  by 
Castigliano  in  1879.  Professor  Cain  expresses  the  principle  in  the 
following  words:* 

"The  elastic  forces  experienced  between  the  molecules  after 
deformation  correspond  to  a  minimum  of  the  work  of  deformation  of  the 
system,  expressed  as  a  function  of  certain  stresses,  taken  with  respect 
to  these  stresses  successively,  regarded  as  independent  during  the 
differentiation. ' ' 

Professor  Hiroit  translates  Castigliano 's  expression  of  the  prin- 
ciple of  least  work  in  the  following  words:     "The  partial  derivatives 


'•See  Trans.  Amw.  Boe.  Civ.  Eng.,  Vol.  XXIV,  p.  291. 
Statically  Indeterminate  Stresses,  by  I.  Hiroi. 


i;  UNFORCED    CONCRETE    PRAIA  19 

of  the  work  of  resistance  with  respect  to  statically  indeterminate  for 
which  are  so  chosen  that  the  forces  themselves  perform  DO  work  un- 
equal to  zero. ' ' 

The  total  internal  work  may  be  subdivided  into  the  parts  due 
bending  moment,  normal  stress,  and  shearing  stress. 

The  total  work  due  to  the  bending  moment  M  in  a  member  will 
be 

[MHz 
W^J2ET 

For  the  total  internal  work  due  to  a  total  normal  stress*  iVona  section 

[N2dx 
W*  =  J2EA 

If  shearing  stress  S  is  uniform  over  the  cross-section,  the  expression 
for  the  internal  work  due  to  shearing  stress  is 


J  2& 


S2dx 
—A 


where  G  expresses  the  -hearing  modulus  of  elasticity  of  a  material. 
Since,  however,  the  shearing  stress  is  do!  uniform  over  the  cross-sections, 

the  expression  for  the  infernal  work  due  to  shear  i<  modified,  and 
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where  K  is  a  known  factor  for  a  specified  form  of  the  cross-section. 
Therefore    for    the   total    work   of    resistance, 

,1T  .  1  fM*dx  ,   1  (N*dx      1  fKS 

Suppose    that    there   are   //    statically   indeterminate   forces    Pi, 
Po, P,  in  an  elastic  Bystem.  According  to  the  theorem  of  Castigliano 

BW      f  M  BM  .        f  X    BN  .        fK8   BS 
-BPrjEIBK^^jEA  -BP^+im  BP?*'0 

BW      [M  BM  ,       f  \    <>\  fh  .      n 

TFrjEIBP?*  VJTA  BF,**  hjGA  BP     '     ° 
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These  furnish  as  many  equations  of  condition  as  there  are  unknown 
quantities.  The  solution  of  these  equations  will  give  the  exact  formulas 
for  statically  indeterminate  quantities. 

7.  The  Effect  of  Work  of  Normal  Force  on  the  Magnitude  of  Stati- 
cally Indeterminate  Forces. — In  the  general  equation 

J  EI    dP°    ^JEA    dP       ^JGA    dPaX    U 

dN  . 
the  second  term  will  disappear  when  -^5  is  equal  to  zero  or,  in  other 

words,  when  the  normal  force*  does  not  contain  any  of  the  statically 
indeterminate  quantities. 

When  a  frame  is  fixed  at  its  column  ends,  the  vertical  and  hori- 
zontal reactions  and  the  bending  moment  at  the  fixed  column  ends 
are  statically  indeterminate.  Generally  the  normal  force  in  any  mem- 
ber contains  these  reactions  as  factors.  But  if  a  frame  having  a  single 
span  is  symmetrical  in  form  and  in  the  manner  of  loading,  the  vertical 
reactions  become  statically  determinate,  and  therefore  the  horizontal 
reaction  is  the  only  indeterminate  term  which  enters  into  the  expression 
of  the  normal  force.  If,  at  the  same  time,  the  columns  are  vertical, 
the  horizontal  reactions  do  not  affect  the  normal  forces  in  the  columns, 
and  in  the  horizontal  members  only  are  the  normal  forces  affected  by 
a  statically  indeterminate  force,  namely,  the  horizontal  reaction. 

From  these  statements  it  will  be  seen  that  the  form  of  frame  which 
will  be  largely  affected  by  the  normal  force  is  that  having  a  sloped 
column  under  a  vertical  load. 

The  frame  shown  in  Fig.  5  is  used  to  illustrate  the  method  of 


Fig.  5.     Unsymmetrical  Frame  under  Concentrated  Load 


*Normal  to  a  cross-section  of  the  member. 


REINFORCED    CONCRETE    FRAMES 


21 


- 
< 


- 

B3 

P 

g 

D 

e 

m 
a 

< 

S5 

^: 

a 
a 
z 

— 

z 

< 

o 
o 


o 

X 

o 

•/. 

o 

H 
«< 
D 

9 

w 

< 

O 


- 

z 
o 


/ 
B 

- 
1 

- 
- 

- 


>  =5 


<i.  —  —  <£> 
5  +  +  K 


^15 


:>.-=:  -c:  a« 


o 


C 
5 

It! 


isst 


|jj 

M 

c 


g  |     c 


5J5 


I       vol 

I      -o    -o   .. 

•a    o    <s    * 


3.2 

— 

a  g 

-  -i 


^T  ~ 

.-    :   -    : 

=  =  E  E 
,i-  i-  ^  t_ 

— 


—  - 

B  Z 

i  c 


- 


i  *  fc 


22  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

analysis  and  to  bring  out  the  effect  of  the  work  of  the  direct  normal 
force  on  the  magnitude  of  the  statically  indeterminate  forces.     In  this 
case  H  is  the  only  statically  indeterminate  force. 
Taking  the  moment  of  all  forces  about  bf 

Vb  l-P(l0C.+lb.c>)  =  0  or  Vb  Jh'c'+l°c'P  =  KP 
and 

yb,=P-KP  orVb,=(l-K)P      . 

K  being  used  as  a  general  coefficient. 

In  general  the  internal  work  due  to  shearing  stress  may  be  neg- 
lected, and  the  general  equation  becomes 


J  EI  dHax  +  J  EA   dH  aX    U 


All  necessary  elements  in  forming  this  equation  are  arranged  in  Table  1. 
Inserting  these  values  in  the  general  equation  gives  the  following 
expression,  in  which  it  is  assumed  that  E  and  J  are  constant: 

1    Ch  1     rz- 

^j-       (ybtan01y-Hy){-y)sec01dy+grl    (Vblbc+Vbx-Hh)(-h)dx 
Jo  Jo 

1       fl& 

+EL,  /    °  lvblbc  +  Vbx-Hh-P(x-lj\(-h)dx 

*J  '  CO 

h 

(Vl/tand2y  —  Hy)  (  —  y)  secd2dy 


EL, 


b'c' 

'o 


1  Ck  1  I       Che  fir' 

EA     J  (Vhcosdi  +  Hsindi)  sindisec61dy+-y-r—y  I  Hdx+  I    Hdx\ 


Lco' 


+  ^tt —  /     J  V„ cos d2  +  Hsind2  \sind2secd2dy  =  0 
EA,,.,,  I     J  J 
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Integrating  and  simplifying  this  equation  gives  the  following 
general  expression  for  the  statically  indeterminate  force  H,  in  which 
the  work  of  the  normal  force  is  fully  counted: 


zr  I"  hrSbe     ,    2lhllcc'  +  l2 cc.  _    ZftyjS>bv  _   8171  d\  SlTl  0< 


61  bc            £lc<?               <jibv          -1               1       . 
H  = 


1 7  ..—  /  .)      S 
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3/bv        A       J 


L  3ibC  icv        oli/,.'  J        L        Aha  ■" '  hAce'  J 


where  if  = 


6c  ■*  cc'  •ill/  •   J  ..'1  ;,,.  -  i 

lav  ~r  w 


/ 


In  this  formula,  the  terms  which  contain  Abc1  A^,  and  i46V  enter 
because  of  taking  into  consideration  the  work  of  the  normal  forces 
represented  by  the  second  term  of  the  general  equation 

f  M    dM  ,        f  N    BN   .       n 

'     JJT-dH(Jx  +  J-VA-dHdx  =  ° 

If  the  effect  of  the  normal  force  is  neglected,  then 

A  L  oIbc    +        2/^  3/^  J  "  L      2/ct,  3/6V  J 


7/ 


|_3/  I  ■        ol 


In  most  cases  a  value  of  6  greater  than  30  degrees  will  not  be  usi 
because  an  increase  in  d  rapidly  increases  the  horizontal  reaction  at 
the  end  of  the  column. 

Assume  a  case  in  which  /,.,=  /..,.»= /;,v  =  h  =  120  inches.     0i=02  = 
1.")  degrees,  .1       A  f—Aw—10  by  12  inches.    1,..  =  I  >=  I,,y=  1 ,000 

in.'    K=^ 

When  the  effed  ol  the  work  of  the  dired  foi 

//    i)  5037P 

If  the  effect  of  the  work  of  the  direct  foi 

//    i)  5643P 
The  difference  0.0006P  (0  OOllff)  m  inconsiderable. 
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In  the  foregoing  example  it  is  seen  that  the  final  formula  is  very 
much  complicated  by  taking  the  direct  force  into  consideration  and 
that  the  effect  of  the  internal  work  of  all  the  direct  stresses  on  the  final 
value  for  statically  indeterminate  stresses  is  inconsiderable  when  com- 
pared with  that  of  the  bending  moment.  The  work  of  the  normal 
force  is  therefore  disregarded  in  making  the  analyses  of  the  frames 
treated  in  this  bulletin. 


H 


hlcc 
die 


foxHJ&k&'Q*) 


Sbclbc,  Ice'  //       Ar     I 


m^t/^^w  n~  »m±j 


Lh^.Iflcc-iS^f.z,.     ,     fy*? 


P 


Pt>c 


Pec' 


.  Pde 

mm 


"■ikF 


P/>c\\\\\\\\\\Pbc 


tSt 


mn 


?h*>.    /,'/_.  ;>s. /a*  ft-        rrr- T~~. 


l&'/f-'g^W 


Vit 


/(J/*   Icc'J 


»/&£/ 


1 1 1 1 1 1 1 1 1 1 1 1 1 


H- 


l 


?f>Icc-     . 


3L'/ 

Xbc  '    J  '  7  JUc      fee- J 

Fig.  6.     Simple  Frames  under  Vertical  Load;  Lower  Ends  of  Columns 

Hinged 
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Attention  is  called  to  the  fact  that  even  though  the  effect  of  the 
internal  work  of  the  direct  stresses  may  be  neglected  in  determining 
the  reactions  the  direct  stresses  themselves  can  not  be  neglected  when 
calculating  the  total  stress  in  any  member.  The  direct  stresses  may 
be  added  algebraically  after  the  statically  indeterminate  st  are 

found. 

The  effect  of  the  work  of  the  deformation  due  to  -hear  is  generally 
so  insignificant  when  compared  with  that  due  to  the  bending  that  it 
may  be  entirely  neglected  without  sensible  error  in  the  calculation  of 
the  internal  work. 

8.  Simple  Frames  under  Vertical  Load. — In  Fig.  tl  are  given  forma 
of  a  type  of  simple  frame.  The  form  at  the  left  of  the  figure  is  the 
g<  neral  form  of  the  inverted  U-frame,  and  the  others  are  special  cases 
of  this  frame.  The  column  connection-;  at  the  base  are  hinged  and 
all  other  joints  are  rigid.  Three  tonus  of  vertical  loading  are  pre- 
sented— a  single  concentrated  load,  two  concentrated  loads,  and  a 
uniform  load.  For  this  frame  the  statically  indeterminate  force  is 
the  horizontal  reaction  //.  Formulas  for  //,  derived  by  analysis  using 
the  principle  of  least  work,  are  given  in  the  figure  for  the  three  for 
of  frame  and  for  the  three  loadings. 

Knowing  the  horizontal  read  ion  //.  the  bending  moment  and  the 
forces  at  any  section  of  the  frame  may  be  determined  by  the  ordinary 
analytical  method.  Tor  example,  the  bending  moment  at  the  middle 
of  the  top  beam  for  the  frames  witli  two  concentrated  load-  shown  in 
Fig  qua!  to  t)  iraic  sum  of  the  moment   of  the  horizontal 

reaction  //  with  a  moment  arm  equal  to  the  height   of  the  frame,  the 

moment  of  the  vertical  reaction  V  about  the  section  considered,  and 

I> 
the  moment  ot  a  load        about  the  section. 

2 

A-  a  specimen  application  of  the  method  of  using  the  principle 
of  least  work,  the  general  solution  of  the  frame  and  loading  shown  in 
the  upper  left-hand  comer  of  Fig.  6  is  given.  The  statically  indeter- 
minate i-  //.  Il.e  effect  of  normal  I  being  neglected,  the 
genera]  equation  of  condition  is 


i 


All  quantities  necessary  in  forming  the  conditional  equation  for  this 

:  in  Table  _'. 
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Table  2 
Elements  Used  in  Conditional  Equations  for  Solution  of  Inverted  U-frame 


Substituting  the  proper  values  in  the  general  equation  of  condition 


h 


oh 


be 


2       /    „  , ,      2sec8 


Px 

— — H(hah-\-xtan 


0)]fo,i 


+  xtand)  dx 


_2h_ 

El 'r> 


bc+  2     ,Px 


f—-Hhjdx  =  0 (1) 


be 


Integrating  equation  (1) 


2    I  Hy*\       2secd 


[ 


EIab[_  3   Jo      EIbc  L     4 


Px2hnh  .  Px3 


6 


x3  1 1 

tand-H(h2bx-\-hahx2tand-{-^tan2d)     b° 


2h 
EL 


\Px> 

I4 


-Hhx 


'hr  "T~" 


=  0 


J  *bt 


(2) 


Substituting  the  limits  in  equation  (2) 

_^(u,+<!)-wfi  „ „ 
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Collecting  the  terms  involving  H  and  those  involving  P 


2hl,H  ,  2secdfh21  .,       ».H.     „\„  ,  2hH€eH 

~oj r~j (  h:Jhc+hahlbctan  B+—  nH  +  — — — 


*ep\nihA    s,      i  L2hPf]         pm.\ 


Solving  for  H, 

2sec6\tlh*  ,  /L       J  ,    2/,  /,    ,      , 

-hTY—  +Ttand\  +&* '"  + 

H  = 

V&+*°*£(hllkc+hJijton  B+  A+  * 

3ia6  /  \  /  1 


Substituting  lbc  secd  =  Sbc  and  hu  =  h,c  tand 

^+,"-)+^[*t+t] 


We 

87, 
«T= P  (6) 

2Ai  ,    /,-/,,■   ,  2& 


Fig.  7  gives  sketch  :he  inverted  0-fr  'he  lo .. 

ends  of  the  columns  fixed     Equations  of  the  ally  indetermi 

the  horisontal  reaction,  and  the  bending  moment  b 
tin-  column,  as  determined  from  analyst  in  in  tfa 

Knowing  these  indetenninates,  the  moments,  and   the  foj 

any    section   of   the   frame   may   be   determined    by   ordinary   anal;. 

Thus  the  moment  at  the  middle  of  the  I  am  for  the  frame  in  the 

upper  left-hand  corner  of  Pig.  7  is  equal  to  th<  the 

bending  mon  i  the  lower  end  of  the  column,  .U„  the  momenl 

the  horizontal  reactioD  //  with  a  moment   arm  equal  to  the  height 
the  frame,  the  moment  of  the  vertical  reaction  I  :t   the  section 

considered,  and  tl  mentofon  ut  the  I   ;   7 

— 

indicates  the  manner  in  which  the  moni'  the   inemi 

com:  the  frame. 
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Fig.  7.     Simple  Frames  under  Vertical  Load;    Lower  Ends  of  Columns 

Fixed 
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Fig.  8.     Rectangular  Frame  with  Rigidly  Connected  Tie  at  Base  of 

Columns 

Fig.  8  shows  a  rectangular  frame  in  which  all  the  joints  are  rigid, 
the  horizontal  cross  tie  at  the  bottom  of  the  frame  having  rigid  connec- 
tion to  the  columns.     The  equations  of  the  indeterminates  Mb  and  Hb 
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for  this  frame  are  given  in  the  figure.     The  figure  indicates  the  manner 
in  which  the  moment  varies  along  the  members. 
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Ik..  9.     L-iHAMK  wini  Column  Binged   w  Supi 


Fig.  9  shows  an  unsymmetricaJ  frame,  here  termed  an  L-frame, 
under  uniform  load  and  with  the  column  hinged  at  the  support.  For 
this  frame  the  horizontal  and  vertical  reactions  //  and  V\  at  the  column 
end  are  given  in  the  figure 

The  maximum  positive  bending  moment  in  this  frame  occurs  at 
the  distance  x  from  c  where 


x  = 


« ) 

.    4// 


// 


be 


The  value  of  the  maximum  positive  bending   moment  is  given  in  the 
figure.    The  maximum  bending  moment  is   the  negative  moment 
the  wall,  which  ifl  also  given  in  the  figure. 

Pig.  lo  shows  an  L-frame  in  which  the  column  is  fixed  at  the  sup- 
port.   ( >n  account  of  the  fixity  of  the  column  there  are  three  statically 
^determinates  for  this  frame,  //..  I   .  and  M   or    \l  .     The  value* 
e  are  given  in  the  figure. 
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Mj 


pi? 

d4 


24 


Fig.  10.     L-frame  with  Column  Fixed  at  Support 

The  formulas  for  the  maximum  positive  moment  in  the  beam  and 
the  distance  of  the  section  of  maximum  positive  moment  from  c  are 

24 


-4^-Y- 


M 


max  pos  = 


4,11 


be 


II 


be 


hlci^ 


II 


be 


14_  3/l^/ 
^  4//6c      I 


1 


hi, 


11 


be 


The  manner  in  which  the  bending  moment  varies  along  the  mem- 
bers composing  the  frames  is  indicated  in  Fig.  9  and  10. 

9.  Single  Story  Construction  with  Three  Spans. — -In  the  design  of 
a  beam-and-girder  or  a  flat-slab  construction  of  a  single  story,  many 
engineers  do  not  take  the  effect  of  the  bending  of  columns  on  the 
moments  in  other  portions  of  the  structure  into  consideration.  Authors 
also  have  triecj  to  analyze  the  stress  distribution  without  taking  this 
bending  into  account.  Obviously  a  bending  in  the  columns  will  allow 
an  increased  bending  moment  at  the  center  of  the  span  of  a  girder  or 
slab  loaded  unsyrnmetrically  with  respect  to  the  column,  and  stresses 
in  the  slab  will  be  modified  by  variations  in  the  ratio  of  the  moment 
of  inertia  of  the  girder  or  slab  to  that  of  the  column  and  of  the  column 
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height  to  the  span  length.  Tests  have  shown  that  columns  may  be 
subjected  to  severe  bending,  and  it  will  be  seen  that  this  will  be  more 
important  for  a  single  story  structure  than  for  others. 

In  actual  cases,  there  may  be  twenty  or  more  spans  in  succession, 
with  different  span  lengths  and  different  cross-sections  of  member-,  and 
consequently  an  exact  analysis  is  hardly  possible  with  any  assumption. 


-Load 


V 


7797 


a' 


Co/umns 


S     ■»?■>• 7TVT 'rr\V -r^rrp -rjyp ^^ 

^Ground  L eye/ 
Ik..  11.    Continuous  Singli  Story  Spans;   One  Panel  Loaded 


~r- 


If  panel  aa'  in  Fig.  11  is  loaded,  the  bending  moment-  in  slab  be, 
cd,  b'c' ',  and  c'd'  are  so  small  as  to  be  negligible  in  actual  cases.  It 
may  be  assumed,  therefore,  that  the  end  condition  of  slabs  or  beams 
ab  and  a'b'  will,  perhaps,  be  between  the  hinged  and  the  fixed  state 
at  b  and  6'.  the  degree  of  fixity  depending  upon  the  ratio  of  mom* 
of  inertia  of  the  column  and  the  <lab  at  that  joint.  Formulas  will, 
therefore,  be  given  for  both  condition-. 

Fig.  12  shows  the  manner  in  which   the   bending  moment   varies 
alon«i  the  members  composing  the  frame  for  four  combinations  of  end 


Fig.  u     Snrau  Brosi  'I  i  Eating  Middli  Spam 

i  \n  obmli   Loadi  d 
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conditions  of  beams  and  columns  outside  the  loaded  panel.  The 
formulas  which  have  been  derived  for  these  four  cases  are  given  in 
Table  3. 

Table  3 

Formulas  for  Reactions,  Bending  Moments,  and  Points  of  Inflection  for 

Single  Story  Three-Span  Frames 
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Table  4 

COEFFK  EENTB   01    BENDING    Momi.nT   FOB  SlNGLI  StOBT   ThuEE-SpaN   I'haMK 

a  =  coefficient  of  pi2  for  bending  moment  at  end  of  middle  spun. 
0= coefficient  of  pi2  for  bending  moment  at  top  of  column. 


Values  of  m 

Values  of  n 

it 

h 

i 

- 

0.20 

0.50 

0.75 

1.00 

1.25 

1.50 
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In  Table  1  are  given  values  of  the  bending  moment  ooefficienta 
for  both  hinged  and  fixed  ends  at  top  of  column  nod  at  <-0'l  of  middle 
span  for  mi  ratios  oi  momenta  of  inertia. 
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Fig.  13.     Single  Story  Three-Span  Frame  under  Concentrated  Load 

For  a  three-span  frame  with  concentrated  load  at  the  center  of 
the  middle  panel,  Fig.  13  shows  the  manner  in  which  the  moment 
varies  along  the  several  members  composing  the  frame. 

Assuming  symmetry  about  the  vertical  center  line  of  this  frame 
the  formulas  for  the  horizontal  and  vertical  reactions  are  given  in  Fig.  13, 
and  also  formulas  for  bending  moments  at  top  of  column  and  at  end 
of  middle  span. 


10.  Trestle  Bent  with  Tie. — The  frame  shown  in  Fig.  14,  fre- 
quently termed  the  A-frame,  may  be  used  in  trestle  construction. 
Formulas  for  M^,  Hb,  and  Hc  are  given  in  the  figure. 

Knowing  the  values  of  Mcc>,  Hc,  and  Hb,  the  stresses  at  any  section 
of  the  frame  may  be  computed.  When  0  =  0,  hc  =  0,  and  kc  approaches 
0,  making  hcd  =  h  (that  is  when  &  =  1),  this  frame  becomes  the  same  as 
that  shown  in  Fig.  8  and  the  formulas  for  Mcc'  and  Hc  reduce  to  the 
same  form  as  those  given  in  Fig.  8. 
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Fk;.  11.    krwsuja  Showing  Form  oi  Moment  Cubyi 


11.     /  '       hruction  with  Several  Stories  and  Spans.     In  the 

actual  construction  of  buildings  of  reinforced  concrete,  it  is  common 
to  use  a  continuous  <lal»  fur  floors  supported  by  a  number  of  columns. 
A  loading  which  produces  serious  bending  in  column-  is,  of  course,  an 

nt  iic  arrangement,  such  as  is  shown  in  Fig.   15.     The  momenta 
of  inertia  of  column-  are  sometimes  smaller  than  bho  dabs.     Ac- 

cordingly, the  bending  moment  in  the  floor  slab  /<<'/'  is  greatly  modified 
by  the  flexure  of  column-  he,  //<•',  odt  and  <•'<{'. 

In  present  pi  frequently  little  attention  is  paid  to  this  point, 

and  column-  are  assumed  to  be  rigid  enough   to  resist  the  bend 
1 1      assumption  may  be  approximately  true   n>r   the  lower  stories, 
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Fig.  15.     Cross-Section  of  Building   Frame  with  Single  Panel  Loaded 

where  the  columns  have  large  diameters,  but  it  is  not  true  for  the  upper 
stories,  where  the  cross-section  of  columns  is  usually  small,  and  serious 
bending  stress  may  exist  in  the  column  due  to  eccentric  loading.  An 
exact  analysis  is  hardly  possible  because  there  are  many  unknown 
conditions  entering  into  the  solution.  From  a  practical  standpoint, 
it  is  easily  understood  that  the  bending  moment  in  floor  slabs,  gdd'g' 
and  ebb'e',  (see  Fig.  15)  due  to  the  load  on  the  floor  cc'  is  so  small  as 
to  be  inconsiderable  if  the  floors  are  of  moderate  thickness.  That  is, 
the  columns  cb,  c'bf,  cd,  and  c'd'  are  practically  fixed  at  b,  b',  d,  and  d', 
respectively.     If  the  floor  slabs  are  not    thick   enough  to  keep  the 


]  iG.  16.     Two-Story   Three-Span   Frame   Having   Middle   Span    Uniformly 

Loaded 
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column  ends  in  a  fixed  condition,  the  end  condition  of  the  columns 
will  be  between  the  hinged  and  the  fixed  state.  Using  these  assump- 
tions an  analysis  which  is  almost  exact  is  possible.  The  resulting 
formulas  may  be  used  in  the  design  of  buildings.  For  such  a  frame, 
Fig.  16  shows  the  manner  in  which  the  moment  varies  along  the  mem- 
bers composing  the  frame  for  two  combinations  of  end  conditions  of 
beams  and  columns.  The  formulas  for  the  horizontal  and  vertical 
reactions  and  the  bending  moments  are  given  in  Table  5  for  ends  of 
columns  and  beams  hinged  and  for  ends  of  columns  and  beams  fixed, 
the  end  spans  being  equal  in  both  cases.  Formulas  are  also  given  for 
equal  spans  and  equal  moments  of  inertia  of  the  beams  and  for  equal 
spans,  story  heights,  and  moments  of  inertia  of  beams  and  columns. 
Fig.  17  gives  numerical  values  of  the  coefficients  of  pi2  for  the  case  in 
which  ends  of  beams  and  columns  are  fixed,  a  being  the  coefficient  of 
the  bending  moment  at  the  top  of  the  lower  column  and  /3  the  coeffi- 
cient at  the  foot  of  the  upper  column.     In  Table  6  are  given  values 
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Fig.  17.     Coefficient  of  Bending  Moments  for  Top  of  Lower  Column  and 
Foot  of  Upper  Column  for  Two-Story  Three-Span  Frame  Having  All 

External  Connections  Fixed 
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Table  6 

Coefficients  of  Bending  Moment  for  Two-Story  Three-Span    Frame  With 
Ends  of  Columns  and  Beams  Fixed 

a  =  coefficient  of  pi2  for  bending  moment  at  top  of  lower  column. 
/3  =  coefficient  of  pp  for  bending  moment  at  foot  of  upper  column. 
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.0173 
.01 

.01 

.01 

of  the  bending  moment  coefficients  a  and  (3  for  four  ratios  of  the  mom 
of  inertia.    The  frame  with  hinged  ends  has  nine  statically  uidetermin 
quantities,  while  the  frame  with  fixed  ends  has  fifteen  statically  indeter- 
minates,   but   the  condition  of    symmetrical   loading  shown    g 

reduces  the  number  of  these  quantities.     In  the  analyses  il   has  b 

assumed  that  the  vertical  reactions  at  b  and  d    also  at  b'  and 

same.     This  assumption  may  not  be  the  real  condition  in  actual  cas 

but  no  effect  is  produced  on  bending  moments  by  it. 

12.     Frame  with  Thru  Spans. — In  bridge  or  trestle  construction 

across  a  wide  stream  or  valley,  Bevera]  -pan-  may  be  built   continuo  ; 

as  a  monolith.    Because  of  the  necessity  of  providi  lansion  join 

the   number   of  spans   thus   connected    i>   frequently   limited    to    ti. 

Rigidly    connected    frame-    with    three    spai  [Ual    or    unequal. 

may  advantageously  be  used  for  brid'jv^  of  mod  ins. 

No    analytical    formula-    for    SUCh    frames    have,    to     the     Wlifc 

knowledge,  been  published.     Fig.  Is  an  1  L9  give  the  formula 

three-Span  frame  under  various  condition-  of  lot  1       Pig,  20 

manner   in    which    the   moment    varies   along   the    men 

the  frames.      Table  7  gives   Values  of  the  bending    moment    i 
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Fig.  20.    Single    Story    Three-Span   Frame    with   Four   Columns    Having 

Middle  Span  Uniformly  Loaded 


Table  7 

Coefficients   of   Bending   Moment    for    Single   Story   Three-Span   Frame 

Having  Four   Columns 

a  =  coefficient  of  pi2  for  bending  moment  "at  end  of  middle  span. 

/3  =  coefficient  of  pi2  for  bending  moment  at  top  of  intermediate  column. 
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at  the  top  of  the  middle  columns  and  at  the  end  of  the  middle  span 
for  the  case  in  which  the  three  spans  are  equal,  the  moments  of  inertia 
of  the  beams  are  equal,  and  the  moments  of  inertia  of  the  columns 
are  equal,  a  uniform  load  being  applied  over  the  middle  span. 


13.  Square  Frame  under  Horizontal  Load. — Hitherto  only  the 
cases  in  which  the  load  was  applied  vertically  have  been  discussed. 
It  is  frequently  necessary  to  solve  for  the  statically  indeterminate 
stresses  due  to  a  horizontal  force,  such  as  a  wind  pressure  or  the  braking 
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Fig.  22.     Horizontal  Reactions  for  Distributed  Loads  and  Concentrated 

Loads 
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force  of  a  locomotive.  The  met  hod  of  determination  of  the  statically 
unknowns  is  the  same  as  thai  used  for  frames  with  vertical  loads.  A 
few  rax-  have  been  taken  a-  illustrations  and  the  resulting  equations 
are  given  in  Fig.  21. 

Another  application  is  the  water  tank  or  reservoir  subject  to  the 
static  pressure  of  water,  such  a-  may  be  found  in  filter  plant-.  Pig.  21 
gives  two  examples  of  framed  constructions  of  this  character.  It  i< 
seen  that  for  a  square  tank  having  the  same  walls  on  the  four  sides  the 

negative  moment  from  the  formula  for  rectangular  tank  becomes  —  l^1 
and  the  positive  moment  —  pP,  as  is  known  from  other  sources. 

1  1.  The  Nature  of  th<  Resulting  Formulas;  Relation  between  Hori- 
zontal Reactions  in  Frame  under  L'm'form  Load  and  under  Concentre 
Load. — It  is  interesting  and  important  to  note  from  the  results  of  the 
foregoing  analysis  thai  there  Is  a  fixed  relation  between  the  horizontal 
reactions  in  the  symmetrica]  frame  under  distributed  loads  and  those 
in  the  same  frame  under  concentrated  loads.     To  show  this  relation 

a  lew  can-  have  been  selected  as  Ulust  rat  ive.  These  aiv  shown  in 
Rg.  22. 

It  has  been  stated  previously  that  there  is  also  a  fixed  relation 

m  I  ii   the   horizontal   thrust    and   the   bending    moment    at    the   fixed 

column  or  beam  ends,  and  the  bending  moment   can  be  expressed  in 

terms  of  the  horizontal  thrust.     The  bending  moment  at   any  section 

of  a  frame  is  a  function  of  the  horizontal  thrust.     Therefore,  it  may  be 

ted  that   the  statically  indeterminate  stresses    in   the  symmetrical 

frame  have  a  fixed  relation  under  distributed   and   concentrated  load-. 

From  the  foregoing  illustrations  it  will  be  seen  that  the  horizontal 
thrusts  at  the  column  ends  due  to  uniform  and  centrally  concentrated 
loads  may  be  expressed  in  the  following  forms: 

Uniform  load,  //     K 

PI 

I  entrally  concentrated  load.  //  - /\ — 

8 

The  coefficient  K  is  the  same  in  both  cases,  but  varies  with  the  form 
of  fran  i .    Tl  i  tula  for  the  horisontal  thrust  in  the  train.-  under 

concentrated  load  mav  be  written  directly  if  the   formula  for  thrust 
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in  the  frame  under  uniform  load  is  known.  An  analysis  of  the  statically 
indeterminate  forces  for  a  given  case  should  first  be  made  to  find  the 
form  of  the  function. 

The  bending  moment  at  the  end  of  the  span  in  these  frames  is: 

For  Case  a,  M  =  —^ ^  =KX  pP 


3+2mn    12  l    12 


For  Case  a',  M  =  -^-| ^-  =  Kx 


3+2mn     8  1    8 


For  Case  b,  M  =  -— - —  ^r=K2  pl* 


2+mn    12         a    12 


For  Case  b',  M=—^ ^r=K2-  Pl 


2+mn     8  8 

It  is  known  that  when  a  beam  is  perfectly  fixed  at  its  ends  the  negative 

bending  moments  due  to  a  distributed  load  and  a  centrally  concentrated 

vl2         PI 
load  are  ~-  and — ,  respectively.     It  is  seen,  therefore,  that  for  these 

±Z  o 

cases  the  bending  moment  at  the  end  of  the  beam  is  obtained  from  the 
value  of  the  end  bending  moment  of  a  fixed  beam  by  multiplying  by  K, 
a  coefficient  which  depends  upon  the  form  of  the  frame,  but  is  inde- 
pendent of  whether  the  load  is  applied  uniformly  or  is  concentrated 
at  the  center  of  the  span. 

Returning  to  the  nature  of  the  formulas  for  the  horizontal  thrust 
at  the  lower  column  end  of  a  frame,  it  is  further  seen  from  Fig.  22  that 
the  given  constant  relation  between  the  values  of  the  horizontal  thrusts 
for  a  frame  under  a  distributed  load  and  under  a  concentrated  load 
still  holds  for  the  case  in  which  a  frame  is  subjected  to  a  non-sym- 
metrical load.  These  simple  frames  are  sufficient  to  illustrate  the 
general  relation.  It  appears,  therefore,  that  for  the  same  frame  the 
coefficient  K  remains  constant  and  independent  of  the  method  of 
loading.  This  statement  can  easily  be  extended  to  the  case  of  multiple 
concentrated  loads,  for  then  the  horizontal  thrust  is  the  sum  of  the 
horizontal  thrusts  due  to  the  individual  concentrated  loads.  It  will  be 
found  that  this  statement  applies  also  to  the  non-symmetrical  frames 
of  Cases  d  and  d'. 
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Fig.  23.    Locus  of  Intkiwxtiun  or  Reaction  Lines  in  Single  Span  Single 
Story  Frame  under  Single  Concentrated  Load 


For  a  concentrated  load,  it  will  be  of  interest  to  find  the  locus  of 
y0,  the  point  of  intersection  of  the  lines  of  action  of  the  reactions  with 
the  line  of  action  of  the  load  (see  Fig.  23).  In  a  complicated  form  of 
frame,  there  are,  of  course,  many  statically  indeterminate  quantities, 
but  //  is  an  important  one.  The  remaining  statically  indetennins 
have  always  the  same  factor  in  the  denominator  as  H.  Therefore,  it 
is  very  interesting  to  know  the  form  of  the  expression  for  //.  It  is 
evident   that  II     Fig.  23)  is  a  function  of  /,  h,  I,  and  P  in  a  given  C 

Since  the  moments  at  b  and  b'  (Fig.  23)  are  iero,  the  equilibrium 
polygon  for  the  load  P  must  pass  through  these  points.  Taking  the 
moment.-  of  H  and   V\  aboul  the  point  o 

V 


l        -////<,  =  ()         y0  = 


II 


II  and  l    are  known  in  this  case  when  P  and  /  „•  are  given,  and 


//  = 


(i ) 


i  ./     h  j 


I 


F>-  P 
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Therefore 


Vo  = 


Ico'lo'c'    P  V    Olbc  h 


I     H  /  l 


T 


or 

-» (»+  W) 

This  equation  is  entirely  free  from  Zc<>',  l0'c',  and  P;  therefore,  y0  is  a 
constant  quantity  for  a  given  frame  and  is  not  changed  by  the  change 
of  the  point  of  application  of  a  load  P.  Accordingly  the  locus  of  the 
point  o  is  a  straight  line  parallel  to  bbf. 

In  the  case  in  which  ls£  =  1.0  and  1  =  1.0,  £/0  =  AM..  For  7cc'  =  2.0 

Ibc  I  3  Ibc 

and  4"=  1.0,  2/0=  Ml. 
*  3 

The  equation  for  y0  permits  the  determination  of  the  position  of 

loads  which  gives  the  maximum  reaction  and  stress  in  any  member. 

The  same  method  may  be  extended  to  any  case,  if  it  is  remembered 

that  when  a  column  is  fixed  at  its  end  the  point  of  application  of  the 

Mb 
reaction  deviates  from  the  neutral  line  of  the  column  by  ~^—>  where  Mb 

is  the  end  moment  and  Vb  is  the  vertical  reaction  at  that  point. 

15.  Effect  of  Variation  in  Moment  of  Inertia  and  Relative  Height 
of  Frame  on  Bending  Moment  in  Horizontal  Member. —  Fig.  24,  25, 
26,  27,  and  28  give  bending  moment  coefficients  for  the  beam  of  the 
central  span  for  several  cases  of  a  three-span  frame  in  which  the  spans 
are  equal,  the  moments  of  inertia  of  the  three  beams  are  equal,  and  the 
moments  of  inertia  of  the  columns  are  equal.  The  effect  on  the  bending 
moment  caused  by  variation  in  the  relative  values  of  the  moments  of 
inertia  of  members  and  in  heights  of  frames  is  shown  in  these  figures. 

For  a  general  comparison  it  is  only  necessary  to  consider  the  bending 
moment  at  the  center  of  the  span  for  load  applied  eccentrically  with 
respect  to  the  columns,  since  the  effect  on  moments  at  other  places 
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24.    Cora  1 1<  ii  m  "i    Bending  Mombni    n  i  afniDU    -     i 

SlV  -      OBI      THBI    1  ->i    \N       I    KAMI.      II  W  DfO 

\M»    Bl   1MB    BlNOBD 

and  ..ii  thrusts  will  be  similar.     From  the  general  nature  of  the  rum- 
shown  the  following  oonclusionfl  are  drawn: 

(1)    The  bending  moment  is  ina  rapidly  as  the  value 

of  —  irn  from  0  to  L.5,  but  beyond  that  ran^-  tin-  in 

in  bending  moment  is  comparatively  small. 
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Fig.  25.     Coefficient  of  Bending  Moment  at  Center  of  Middle  Span  for 
Single  Story  Three-Span  Frame  Having  Extreme  Ends  of  Beams  Hinged 

and  Column  Ends  Fixed 

(2)     An  increase  in  the  height  of  the  frame  has  an  effect 
of   the  same  nature  on  the  bending  moment  as   an  increase  in 

i-  c.c. ' 


the  ratio 


be 


(3)  The  variation  in  coefficient  of  bending  moment  is  wider 
in  the  frame  hinged  at  ends  of  columns  and  beams  than  in  the  case 
of  fixed  ends. 

(4)  By  the  fixing  of  ends  of  columns  and  end  beams  the 
coefficient  of  positive  bending  moment  is  slightly  decreased  from 
that  for  hinged  ends. 
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In    mosl    common   cum's   of    panels    under   uniform    load 

where  the  ratio -j  isnol  far  from  LOand      -  varies  from  L.51 

l  i 

the  bending  momenl  at  tin-  center  of  the  loaded  span 
equal  spans]  varies  from  about  7—/'/'  to  about  rrpPi  ;iI1,l  I,l;i 

conveniently  assumed  as   ,-—/>/'. 

I.. 
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Fig.  27.     Coefficient  of  Bending  Moment  at  Center  of  Middle  Span  for 
Single  Story  Three-Span  Frame   Having  Lower  Ends  of   Columns 

Hinged 

16.  Effect  of  Variation  in  Moment  of  Inertia  on  Bending  Moment 
in  Vertical  Member. — The  variation  in  bending  moments  in  column 
ends  due  to  the  variation  in  properties  of  the  members  for  several  cases 
of  a  three-span  frame  is  shown  in  Fig.  17  and  29  and  in  Tables  4,  6, 
and  7.  In  Table  6  the  three  spans  are  taken  as  equal  and  the  story 
height  is  taken  equal  to  half  the  span. 
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Fig.  28     I  on  ncD  Bending  Moms  i  Mmni      -         roa 

9tobi    Thbi  Sating   Lowi 

I    1\KI» 

Valu<  of  />/-  for  various  values  of  -r1-  ami  -^ 

plotted  in  1  ilg.  17.     I  the  diagram  thai  for  structu 

having  the  relatioDs  between  span  lengths  and    mom.:.  inertia 

assumed  in  Table  6,  higher  bendii  tin- 
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Fig.  29.     Coefficient   of   Bending   Moment   at   Lower   Ends   of    Interior 
Columns  for  Single  Story  Three-Span  Frame  Having  Lower  Ends  of 

Columns  Fixed 


lower  column  than  at  the  foot  of  the  upper  column  and  that  the  varia- 
tions in  moments  of  inertia  assumed  cause  less  variation  in  the  moment 
in  the  upper  columns  than  in  the  lower  columns. 
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III.     Tests  on  Rigidly  Connected  Reinforced  Concrete 

Frames 

17.     Test  Specimens. — Five  types  of  frames  were  selected  for  the 

tests.     The  cross-section  of  the  composing  members  varie  I  fro  n  8  by  8 
in.  to  83^  by  17%  in.     The  length  of  span  of  the  frames  was  6  ft.  on 
centers  except  Frame  No.  8,  which  had  three  spans  of  4  ft.  8  in.     The 
height  of  the  frames  varied  from  about  5  ft.  to  about  10  ft.     The  - 
and  disposition  of  the  reinforcing  bars  and  the  dimensions  of  the  fra 
are  shown  in  Fig.  30  to  34.     Data  of  the  frames  are  given  in  Table  8. 

Care  was  taken  in  designing  the  test  specimens  to  secure  continuity 
of  connected  members  and  to  obtain  such  proportions  between  momenta 
of  inertia  and  spans  as  would  result  in  high  bending  stresses  in  the 
columns  and  beams  at  nearly  the  same  time.  The  ends  of  the  steel 
reinforcing  bars  were  bent  into  hooks  in  the  specimens  having  columns 
fixed  at  the  ends.  Bars  continuous  from  one  end  to  another  were  use  1 
for  all  frames.  The  radius  of  bends  of  the  main  rod-  was  about  5  in. 
Several  bars  were  welded  and  these  welds  were  located  at  points  where 
the  bending  moment  was  very  small. 

In  the  frames  with  stirrups,  T-shaped  or  double  D-shaped  stirrups 
were   used.     They   passed    under   the   longitudinal    bar-   and   exten 
to  the  top  of  the  beam.    The  sise  and  spacing  of  the  stirrup-        given 
in  Table  8. 
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Fig.  31.     Size  and  Distribution  of  Reinforcing  Bars  in  Frames  2  and  4 
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Fig.  32.     Size  and  Distribution  of  Reinforcing  Bars  in   Frames  3  and  7 
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18.  Materials. — The  materials  used  in  making  the  test  frames 
were  similar  to  those  ordinarily  used  in  reinforced  concrete  construction. 
The  sand,  stone,  and  cement  were  taken  from  the  stock  of  the  Labora- 
tory of  Applied  Mechanics. 

A  good  quality  of  crushed  limestone  ordered  to  pass  over  a  ]  4-inch 
sieve  and  through  a  1-inch  sieve  was  used.     The   sand  was  of  g< 
quality,  hard,  sharp,  well-graded,  and  generally  clean. 

The  reinforcing  bars  were  plain  round  rods  of  open  hearth  mild 
steel.     Test   pieces  were  taken  from  the  test    frames  after   the    b 
Table  9  gives  the  results  of  the  tension  tests  of  the  steel. 


Tabu    9 
Tension  Tests  of  Reintobcing  Si 


Nominal 

Diameter 

inches 

Yield  Point 
lb.  per 
Bq.  in. 

I  ltimal.' 

Strength 

lb.  per  Bq.  in. 

Per  Cent 
Elongation 

in  S  in. 

V<1 

36  200 

55  100 

26.3 

1   < 

36  200 

54  200 

26.9 

H 

3d  <♦(»() 

54  700 

28.7 

Yl 

36  7(M) 

54  6 

26.9 

V2 

37  700 

54  200 

25.0 

V* 

37  400 

55  900 

30.0 

Average 

36  850 

54  783    . 

27  3 

Universal  Portland  cemenl  was  used  for  all  specimens.  Standard 
briquettes  of  neal  cement  gave  an  average  tensile  strength  of  575  lb. 

per  sq.  in.  at  7  days  and  <'»7()  ll>.  per  Bq.  in.  at  28  days,  and  standard 
briquettes  of  l  3  mortar  207  ll>.  per  Bq.  in.  at  7  days  and  308  11>.  per 
Bq.  in.  at  28  day-.  Briquettes  of  l  3  mortar  made  with  the  sand 
used  in  the  concrete  gave  a  strength  of  279  ll».  per  sq.  in.  at  7  days 
and  \\x\  11).  per  sq.  in.  at  28  day-.    Tests  with  the  Yieat  needle  indicated 

that    initial   Bel    occurred   in   3   hours   and    15   minute-  and    final   set    in 

()  hours. 

Men  -killed  in  this  kind  of  work  were  employed  in  making  the 
concrete.  ( 'are  wns  taken  in  measuring,  mixing,  and  tamping  to  secure 
concrete  a-  nearly  uniform  a-  possible.  All  the  concn  be  was  ma  le  in 
the  proportions,   l  part   cement,  2  pan-  sand,  and   1  pa  by 

volume.      The  mixing  was  done  with  I  concrete  mixing  machine. 

The  results  of  compression  I  m  «*»-in.  cubes  ma 

concrete  used  in  the  frames  are  given  in  Table  l"      I    -■ 
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Table  10 
Compression  Tests  of  Concrete  Cubes  and  Cylinders 


Frame 

Age 

Maximum  Load 

Frame 

Age 

Maximum  Load 

No. 

at  Test 

lb.  per  sq.  in. 

No. 

at  Test 

lb.  per  sq.  in. 

days 

days 

6  in. 

8x16  in. 

6  in. 

8x16  in. 

Cube 

Cyl. 

Cube 

Cyl. 

1 

64 

1780 

1150 

5 

61 

3070 

2670 

1 

64 

1750 

5 

61 

3100 

1 

64 

1680 

5 

61 

2580 

Average 

1740 

Average 

2920 

2 

62 

2210 

1850 

6 

62 

2605 

2310 

2 

62 

2250 

6 

62 

2445 

2 

62 

2540 

6 

62 

2510 

Average 

2330 

Average 

2520 

3 

73 

2860 

2050 

7 

60 

2140 

1970 

3 

73 

2820 

7 

60 

2390 

3 

73 

2840 

7 

60 

2220 

Average 

2840 

Average 

2250 

4 

66 

2600 

1910 

8 

63 

3288 

3060 

4 

66 

2580 

8 

63 

3900 

4 

66 

2570 

8 

63 

3653 

Average 

2580 

Average 

3614 

on  one  8  by  16-in.  cylinder  for  each  frame,  and  the  axial  deformation 
was  measured  to  give  a  means  of  judging  of  the  modulus  of  elasticity 
of  the  concrete  used  in  the  frames.  Fig.  35  gives  the  stress-deformation 
diagrams  for  these  cylinders.  Table  10  gives  the  compressive  strength 
of  the  cylinders. 


19.  Making  and  Storage  of  Test  Frames. — It  had  been  hoped  to 
make  the  frames  in  a  vertical  position  similar  to  that  in  practice,  but 
because  of  the  difficulty  and  added  expense  in  doing  this,  all  the  frames 
were  built  directly  on  the  concrete  floor  of  the  laboratory  in  a  hori- 
zontal position  with  a  strip  of  building  paper  beneath  the  forms. 

The  forms  were  generally  removed  after  seven  days,  and  the 
frames  were  lifted  from  the  horizontal  position  after  thirty  days  and 
were  kept  in  a  vertical  position  in  the  laboratory  where  they  were  made 
until  the  day  they  were  tested.  They  were  dampened  every  morning 
for  two  weeks  after  making  to  prevent  too  rapid   drying,  and  were 
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dampened    occasionally    after   that   time.     The    temperature   of   the 
room  ranged  from  55  to  70  degrees  F. 

20.  T><ting. — To  develop  high  stresses  in  the  beam  and  in  the 
columns  nearly  at  the  same  time  one-third  point  loadings  were  used 
for  it. any  of  the  frames.  In  Frame  5  the  centrally  concentrated  load 
was  used  to  develop  as  high  a  flexural  stress  in  the  columns  as  possible. 

In  Frame  8  in  order  to  see  the  effect  of  the  eccentric  load  on  the 
adjaci  nt  -pan-  and  at  the  same  time  to  produce  high  bending  stresses 
in  the  middle  1  cam  and  in  the  central  columns,  a  uniform  load  on  the 
middle  span  was  selected,  the  load  being  applied  through  a  number  of 
spiral  spring 


Unit  Deformation  -  in per  m. 


ll,  -  1)1  FORM  I  M  \'.i:  w 

The  positions  of  the  loads  for  tin-  different   frames  an-  shown  in 

36  to  1:;.    The  specimens  were  tested  in  the  60  We 

ting  machine  in  the  Laboratory  ol    Applied  Mechanics  of  tin-  Qni- 

\«  i-'n\  ci'  Illinois*     Deflections  were  read  on  -'in-  of  the  rhe 

ations  of  the  steel  and  of  the  concr  re  measure  1 

various  part-  (»i  the  frames  for  each  load  applied 
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Fig.  36.     Observed  and  Computed  Stresses  in  Frame  I 
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Fig.  42.     Observed  and  Computed  Stresses  in  Frame  7 
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Extensometers  of  the  Berry  type  were  used  in  measuring  the 
deformations.  The  method  of  using  these  instruments  is  described 
in  Bulletin  64  of  the  Engineering  Experiment  Station  of  the  University 
of  Illinois,  "Tests  of  Reinforced  Concrete  Buildings  under  Load," 
and  in  a  paper  in  Proceedings  of  the  American  Society  for  Testing 
Materials  for  1913,  "The  Use  of  the  Strain  Gage  in  the  Testing  of 
Materials."  Variation  in  temperature  is  sufficient  to  cause  an  appre- 
ciable change  in  the  length  of  the  instrument.  Hence  observations 
on  an  unstressed  standard  bar  of  invar  steel  were  taken  for  the  purpose 
of  making  temperature  corrections.  Small  steel  plugs,  about  one  inch 
long,  were  set  in  plaster  of  paris  in  the  concrete,  where  the  concrete 
deformations  were  to  be  measured.  Small  gage  holes,  0.055  in.  in 
diameter,  were  drilled  in  the  reinforcing  bars  and  in  the  steel  plugs- 
Two  sets  of  initial  readings  were  taken  before  the  application  of  load- 
A  complete  set  of  observations  of  the  deformations  was  taken  at  each 
increment  of  load.  In  reducing  the  strain  gage  readings  to  stress, 
temperature  corrections  were  made.  These  were  based  on  an  assumed 
linear  variation  of  length  with  time  between  successive  readings  on  the 
standard  bar. 

The  smallest  number  of  gage  lines  on  any  frame  was  75  on  Frame  1 ; 
the  greatest  number,  163,  on  Frame  8.  The  gage  lengths  used  were 
2  in.,  4  in.,  and  8  in.  The  average  deformation  over  the  gage  length 
was  used. 

The  faces  of  the  test  frames  were  whitewashed   to  enable  the 
appearance  of  cracks  and  their  growth  to   be   more  easily  observed. 
The  extent  of  the  cracks  at  the  several    loads  was  marked  on  the  speci- 
men during  the  test. 

21.  Explanation  of  Tables  and  Diagrams. — The  loads  given  in 
the  various  tables  and  figures  are  the  loads  applied  by  the  testing 
machine  and  do  not  include  the  weight  of  the  frame  itself.  The  load 
at  first  crack  is  the  load  noted  when  the  first  fine  crack  was  observed 
during  the  test.  The  ultimate  load  is  the  highest  load  applied  to  the 
specimen  just  before  the  load  carried  began  to  decrease  slowly.  The 
maximum  tensile  and  compressive  stresses  are  the  highest  stresses 
observed  at  the  points  specified.      The  vertical    shearing  stress  was 

V 

calculated  with  the    ordinary  formula  v  =  j-r-,  where  v  represents  the 

vertical  shearing  unit-stress  in  the  concrete,  V  the  total  vertical  shear 
at  the  end  of  the  beam,  b  the  breadth  of  the  beam,  and  jd  the  distance 


REINFORCED    CONCRETE    FRAMES 


71 


from  the  center  of  the  steel  to  the  center  of  the  compn 

in  the  concrete.     The  bond  stress  in  the  beam  was  computed  by  means 

V 

of  the  formula  u  = tv  where  u  is  the  bond  stress  per  unit  of  area  of  the 

mojd 

surface  of  the  reinforcing  steel,  m  the  number  of  reinforcing  !  id  o 

the  circumference  or  periphery  of  one  reinforcing  bar.     The  value* 

jd  were  selected  with  reference  to  the  amount  of  reinforcing  steel  and 

the  modulus  of  elasticity  of  the  concrete. 

Loads  are  given  in  pounds,  unit-stresses  in  pound-  per  square  inch, 

and  moments  in  inch-pound-. 

Table  11 
Y.u.i  Be  01  Moduli  -  oi  Elasticity  of  Concrete  qbkd  in  S 

MPUTATK 


I'r;i 

E 

Frame           J. 

1 
2 
3 
4 

2  100  000 

3  600  000 
2  070  000 

no  000 

5 

6 
7 

8 

000  000 

•on  000 

00  000 

The  so-railed  observed  si  have   been    obtained    from  the 

observed  deformations  by  using  a  modulus  of  elasticity  of  30,000,000  ll>. 
per  ><|.  in.  for  the  steel,  and  for  the  concrete  the  values  given  in  Table  1 1. 

Table  12  contain-  general  data  of  the  of  the  fram< 

Table  13  gives  computed  stresses  at  the  three  point-  in  each  frai 
which  are  shown  in  Fig.  ll.  calculated  by  means  of  the  formulas  given 
in  the  preceding  pages,  the  values  being  i  in  terms  of  the  1 

applied  to  the  frame.  The  values  in  column-  marked  I  were  obtained 
on  the  assumption  thai  the  concrete  has  full  tensile  strength;  those  in 
columns  marked  II  on  th(  mption   of  no  tensile  strength 

division  of  the  direct  stress  between  concrete  and  steel  • 
by  the  usual  formula-  for  reinforced  concrete  columns. 

other  explanations  of  tables  and  diagrams  are  mad.'  elsewhi 

22.     Phenon             From    Testa.    As  may  I  1  in  rein- 
forced concrete  flexural  members,  the  t.n-k.  -es  in  the  steel  w 
.  small  at  low  loads.     Undoubtedly  tie                     largely  dm 

the  ability  of  the  concrete  to  carry  tm-il.-  -•■  \    <o<>n  :i 
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crete  on  the  tension  side  of  the  member  was  sufficiently  stretched,  a 
vertical  tension  crack  formed  on  the  beam  underneath  the  load  and 
then  a  crack  formed  at  the  side  near  the  juncture  of  the  column  and  the 
beam,  in  most  cases.  After  the  formation  of  these  cracks,  the  tension 
in  these  pans  was  taken  mainly  by  the  reinforcing  bars.  As  the 
loads  were  increased  the  cracks  developed  and  new  cracks  appeared 
on  the  tension  side  between  the  points  of  application  of  the  load  on 
the  beam,  and  horizontal  cracks  formed  at  regular  intervals  in  the 
columns. 

The  tensile  stress  due  to  the  negative  bending  moment  within  the 
e  occupied  by  the  juncture  of  the  beani  and  the  column  was  small, 
and  in  these  places  tension  cracks  did  not  form  in  many  frames  until 
high  loads  were  applied.  The  bent-up  bars  in  the  beam  came  into 
action  as  soon  as  tension  cracks  formed  in  their  vicinity,  and  in  the 
bent-up  portions  tensile  stress  -  s  high  as  22.000  pounds  per  square 
inch  were  developed  in  several  instances.  The  tensile  stresses  in  the 
-  I  at  the  fixed  ends  of  the  columns  were  rather  low.  The  tensile 
strength  of  the  concrete  in  this  part  apparently  reduced  the  tensile 
stress  in  the  steel. 
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High  compressive  -  -  were  developed  in  the  concrete  in  the 

upper  portion  of  the  columns  below  the  intersection  with  the  beam, 
and  the  maximum  compression  was  observed  along  the  sharp  corner 
at  the  juncture  of  the  beam  and  the  column,  as  might   be 

This  is  due  to  the  curved  beam  action  at  the  rigid  joint.  In  each  frame 
the  maximum  load  was  higher  than  the  load  expected. 

Mews  of  the  frames  which   show  the  location  i^i  era 
in  Fig.  49  to  57. 

The  general  phenomena  of  the  tests  of  the  individual  Dram 
given  in  the  following  brief  notes. 

Frame   1 — Square  Frame   with   Columns  Hinged   at    Lot.  /. — 

Nominal  span  length  was  6  feet.  Total  height  was  5  ft.  2  in.  Frame 
was  loaded  at  the  one-third  points  of  the  span  of  the  horizontal  member. 
Fig.  49  shows  the  frame  in  the  testing  machine.  The  location  o\  the 
cracks  is  shown  in  Fig.  51.  At  the  L2,000-lb.  load  the  first  tine  crack 
in  the  beam  appeared  directly  under  a  load  point  and  extended  from 

the  bottom  of  the  member  vertically  2  in.  to  the  level  of  the  reinfo: 

ment.    At  the  Bame  load  the  first  noticeable  cracks  appeared  in  the 

columns,  one  in  the  outside  edge  of  the  column  on  a  level  with  the 
bottom  surface  n\  the  beam  and  one  at  2  ft.  7)  in.  from  the  bottom  of 
each  column  end.     No  crack  appeared  in  the  top  side  of  the  beam  until 

the  load   was   increased   to   36,000   lb.      At    that    load    cracks  appeared 

8 in.  from  the  top  corner  of  the  frame  and  extended  vertically  downward. 

The  frame  carried  10,500  11'.  and  the  load  W&B  held  for  a  few  mini] 

and  then  dropped  very  slowly.     The  cracks  were  well  distributed  in 

the  tension  /.one  of  the  frame  and  no  crack  due  to  diagonal  ten-ion 
was  formed.  The  frame  failed  by  ten-ion  in  the  reinforcement  o\  the 
beam. 

Fni n<(  2    Inverted  U-fratru    with  Columns  Hinged  ai  I  I. — 

Nominal  -pan  length  and  total  height  were  each  6  ft.  Load  \\a-  applied 
at   the  center  of  the  span  of  the   horizontal    member.       The  location 

crack-  is  shown- in  Fig.  52.      W  B,000  lb.  two  crack-  appeared  2  in. 
on  each  side  of  the  center  of  the  top  beam  and  extended  upward  2  in. 
and  3  in.,  respectively.     At   12,000  lb.  these  cracks  had  extended  i 
tically  6  in.  from  the  bottom  sui  the  beam,  and  ■  oe*  crack 

appeared  just  inside  the  right-hand  corner  io  inches  from  the 
of  the  beam  and  extended  diagonally  toward  the  load  point       W  the 
same  load  tour  crack-  appeared  at  the  outer  ahouJ  W     I   '  ">  lb. 
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the  cracks  were  extending.  Unfortunately  at  this  load  the  foot  of  one 
of  the  columns  slipped  outward  about  J4  m-  due  to  the  lack  of  sufficient 
friction  to  resist  the  horizontal  thrust  at  the  support.  However,  satis- 
factory information  was  obtained  because  very  high  tensile  stress 
(32,900  lb.  per  sq.  in.)  had  been  developed  at  the  center  of  the  beam 
before  the  slipping  occurred. 

Frame  3 — Square  Frame  with  Columns  Fixed  at  Lower  End. — Nomi- 
nal span  length  was  6  ft.  Total  height  of  frame  from  fixed  column  end 
was  4  ft.  11  in.  Loads  were  applied  at  one-third  points  of  span  of 
horizontal  member.  No  noticeable  cracks  appeared  until  21,000  lb. 
had  been  applied,  when  three  cracks  appeared  at  the  bottom  between 
loads  and  several  cracks  appeared  in  both  columns.  At  30,000  lb. 
new  cracks  appeared  in  the  beam  and  columns,  and  one  crack  appeared 
at  the  top  of  the  beam.  The  location  of  the  cracks  is  shown  in  Fig.  53. 
The  cracks  in  the  upper  part  of  the  columns  were  located  within  14  in. 
downward  from  the  extended  line  of  the  bottom  face  of  the  beam.  No 
crack  was  observed  at  the  fixed  ends  of  the  columns.  The  frame 
carried  60,000  lb.  and  the  load  was  held  for  a  few  minutes,  then  dropped 
very  slowly,  and  there  appeared  to  be  no  danger  of  sudden  failure.  No 
diagonal  tension  crack  appeared  in  the  beam,  and  the  frame  failed  by 
tension  in  the  longitudinal  steel  of  the  beam. 

Frame  4 — Inverted  U-frame  with  Columns  Hinged  at  Lower  End. — 
Nominal  span  length  was  6  ft.  Total  height  of  frame  was  6  ft.  3  in. 
from  hinged  end  of  columns.  Loads  were  applied  at  one-third  points. 
At  10,000  lb.  the  first  noticeable  crack  appeared  at  the  left-hand  inside 
top  corner,  and  extended  23^  in.  upward.  Cracks  are  shown  in  Fig.  54. 
Accidentally  the  frame  was  built  slightly  out  of  form,  the  columns 
being  out  of  plumb  134  m-  m  the  height  of  4  ft.,  and  more  stress  was 
thrown  to  the  left-hand  column  than  to  the  other.  The  distribution 
of  the  cracks  shows  this  clearly.  The  frame,  however,  carried  a  com- 
paratively high  load  (50,000  lb.).  Failure  was  by  tension  in  the  steel 
in  the  horizontal  beam  and  at  the  rigid  joint  between  the  columns  and 
the  sloped  beam. 

Frame  5 — Trestle  Bent  with  Tie — (A-frame). — Span  length  center 
to  center  at  the  supported  column  ends  was  6  feet.  Total  height  from 
the  base  to  the  top  of  the  frame  was  10  ft.  V/2  in.  Load  was  applied 
at  the  center  of  the  top  beam.     The  cross-section  of   the   top  beam 
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was  83^  by  16  in.  and  the  column  section  8}^  by  83^  in.  At  10,000  lb. 
the  first  two  noticeable  cracks  appeared.  These  were  under  the  Load 
points  of  the  beam.  For  location  of  cracks  see  Fig.  50.  The  outer 
cracks  of  the  beam  finally  extended  diagonally  nearly  to  tin-  load  point. 
At  100,000  lb.  the  first  cracks  appeared  in  the  column  at  the  outside 
near  its  juncture  with  the  beam.  At  140,000  lb.  load  a  crack  suddenly 
occurred  at  the  right-hand  rigid  joint  between  the  tie  and  the  column 
with  a  breaking  sound.  The  frame  carried  146,000  lb.  and  the  load 
gradually  dropped.  The  maximum  load  was  controlled  by  the  failure 
of  the  top  beam  which  failed  by  tension  in  the  reinforcement. 

Frame  6 — Square  Frame  icith  Columns  Hinged  at  Loir,  ,■  Ends, 
Same  as  Frame  1. — Load  was  applied  at  one-third  points  of  span  of 
horizontal  member.  Fig.  55,  a  view  of  the  frame  after  the  test,  -hows 
the  appearance  of  the  cracks.  At  18,000  lb.  four  crack-  appeared,  two 
of  them  under  the  load  points,  one  near  the  center  of  the  beam,  and 
one  at  the  upper  part  of  the  right-hand  column.  At  24,000  lb.  the 
cracks  extended  further  and  additional  cracks  appeared  in  the  beam 
and  columns  at  regular  interval.-.  At  30,000  and  36,000  lb.  new  cracks 
appeared  in  the  beam  where  the  longitudinal  bars  were  |Unt  up  and 
these  cracks  ran  diagonally  almost  to  the  load  points.  No  crack 
appeared  on  the  top  side  of  the  beam.  The  frame  carried  46,000  11). 
and  the  load  then  dropped  slowly.  Failure  was  by  ten-ion  in  the 
longitudinal  steel  in  the  beam. 

Frame  7 — Square  Frame  with  Columns  Fixed  of  Lower  Ends.     Sanu 

as  Frame  3. — Load  was  applied  at  one-third  points  of  the  -pan  of  the 

horizontal  member.  The  location  of  the  crack-  i-  shown  in  Pig.  56. 
The  first  noticeable  cracks  appeared  at  21,000  lb.,  three  in  the  beam 
and  three  in  the  columns. 

At  30,000  lb.,  the  crack-  had  extended  further  and   two  crack-  due 

to  the  negative  bending  moment  appeared  al   the  ends  s  in.  from  the 

outside  face  of  the  columns.  At  the  sanu-  load  three  cracks  formed  in 
the  bottom  half  of  the  beam.  A-  the  load  increased,  the  crack  located 
on  the  outside  of  the  left-hand  load  point  extended  diagonally  almost 

to  the  load  point,  and  the  cracks  at  both  end-  of  the  beam  extended 
vertically  downward  nearly  to  the  bottom  -ide  of  the  beam.  The 
ultimate  load  Carried  by  the  frame  wa-  til. 000  11>.      At  this   load  sudden 

failure  took  place  at  1  oth  inside  corners  of  the  lower  ends  of  the  columns 

and  the  crack.-  extended  horizontally  and  vertically  alnio.-t   through  the 
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concrete  base  and  almost  through  the  columns.  This  fact  shows  that 
considerable  positive  bending  was  developed  there.  The  frame  also 
failed  by  tension  in  the  longitudinal  steel  of  the  top  beam. 

Frame  8 — Frame  with  Three  Spans. — Span  lengths  were  4  ft.  8  in. 
center  to  center.  Total  height  of  frame  was  6  ft.  714=  in.  The  base 
of  the  frame  was  15  ft.  4  in.  in  length,  while  the  length  of  the  base 
of  the  testing  machine  was  10  ft.  6  in.  Consequently  the  ends  of  the 
frame  projected  beyond  the  base  of  the  testing  machine  upon  which  the 
frame  was  bedded  in  plaster  of  paris.  To  observe  the  upward  deflec- 
tion of  the  ends  of  the  frame  under  test  an  Ames  dial  was  attached  at 
each  end  of  the  frame.  The  movements  of  both  ends  were  observed 
as  the  load  increased.  The  maximum  movements  (upward)  were 
observed  at  60,000  lb.  and  the  amounts  were  1/263  in.  at  the  east  end 
and  1/300  in.  at  the  west  end.  Therefore  the  steel  stress  in  the  beam 
of  the  side  span  may  have  been  slightly  modified  by  the  movement, 
but  the  structure  as  a  whole  probably  was  not  appreciably  affected. 
Uniform  load  was  applied  to  the  upper  horizontal  member  of  the  middle 
span.  Fig.  57  shows  the  appearance  of  the  frame  after  the  test  with 
the  location  of  the  cracks.  No  cracks  were  observed  until  the  load  had 
reached  45,000  lb.,  when  three  cracks  appeared  in  the  middle  span,  and 
one  in  each  outer  span  on  the  top  side  of  the  horizontal  member  near 
the  intermediate  columns.  The  former  are  due  to  the  positive  bending 
moment  and  the  latter  are  due  to  the  negative  moment.  These  cracks 
were  located  symmetrically  and  they  extended  vertically  about  6  in. 
At  60,000  lb.  they  extended  deeper.  The  frame  was  subjected  to  the 
load  of  60,000  lb.  over  20  hours,  but  the  fall  in  the  applied  load  was 
only  300  lb. 

At  75,000  lb.  several  new  cracks  appeared  at  both  ends  of  the 
middle  span  and  also  in  the  upper  part  of  the  intermediate  columns. 
At  this  load  the  reinforcement  at  the  bottom  of  the  middle  beam  was 
stressed  in  tension  beyond  the  elastic  limit  of  the  steel.  The  frame, 
however,  carried  an  increasing  load  in  good  condition  and  the  highest 
load  was  134,000  lb.  At  this  load  the  crack  at  the  center  of  the  middle 
-pan  had  opened  considerably  and  the  steel  at  this  place  had  scaled, 
indicating  failure  by  tension  in  the  steel.  At  the  same  time  the  con- 
crete  at  the  top  of  the  intermediate  columns  had  crushed.  Also  the 
concrete  base  was  cracked  at  the  bottom  end  of  the  right-hand  inter- 
mediate column.  It  is  noted  that  the  stresses  in  the  outside  columns 
were  very  low,  even  at  the  maximum  load. 
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23.  Conditions  Consider*  d  in  tin  ( 'omparison  of  T<  sis  with  Analysis. — 
In  the  comparison  of  test  results  with  analysis,  the  following  modi- 
fying conditions  have  been  taken  into  consideration: 

(1)  The  quality  of  the  concrete  was  nut  uniform  over  the  cross- 
section  of  the  member.  The  frann  -  were  made  in  a  horizontal  position 
on  the  floor  of  the  laboratory,  and  the  concrete  on  the  rear  side  of  the 
frame  (the  bottom  side  for  the  position  in  which  the  frame  was  made) 

seems  to  have  been  richer  than  that  on  the  front  side.  The  concrete 
on  the  rear  side  was  stiffer  and  stronger  than  that  on  the  front  side  and 
the  distribution  of  steel  stresses  seem  to  have  been  modified  by  this 
fact.  There  was  more  stress  in  the  steel  at  the  rear  side  of  the  member 
than  in  the  steel  at  the  front  side.  It  appears  reasonable  to  take  the 
average  value  of  the  observed  stresses  in  the  part  in  question  for  the 
purpose  of  comparison. 

(2)  The  steel  stresses  are  greatly  modified  by  the  presence  of 
tension  in  the  concrete  for  the  low  loads.  Therefore  in  comparing  the 
computed  stresses  with  the  observed  stresses,  two  cases  must  be  con- 
sidered, one  in  which  the  concrete  is  considered  to  take  ten-ion  and 
the  other  in  which  the  concrete  is  considered  to   be   broken  in  tension. 

(3)  The  cross-section-  of  the  test  frames  were  designedly  made 
larger  in  proportion  to  the  span  than  would  commonly  be  used  in  prac- 
tice. In  most  of  the  tesl  pieces,  the  column  width  occupied  nearly 
one-seventh  of  the  nominal  span  (distance  center  to  center  of  the 
columns).  In  addition  to  this  the  corner  at  the  juncture  of  the  I  earn 
and  the  column  was  provided  with  a  fillet.  Under  these  conditio:!-  the 
bending  moment  at  the  center  of  'lie  beam  will  be  less  than  that  calcu- 
lated on  the  basis  of  the  nominal  span  length  the  difference  being 
greater  than  that   occurring  with  the  dimensions  found    in   practice. 

In  the  computations  foi   the  horizontal  reaction-  the  nominal   -pan   and 

height  of  the  frames  distances  center  to  center  were  used.  In  finding 
tl  e  nun  rical  vahn  e  of  the  1  <  nding  moment  in  the  I  earn,  and  also  of 
those  in  column-  having  fixed  end-,  the  horizontal  reactions  computed 
as  described  previousl}  were  used,  but  when  the  equations  involved 
further  use  of  -pan  lengths  the  nominal  -pan  length  was  replaced  by 
the  clear  length  of  the  span. 

(4)  The  di  sign  of  Frames  l  to  7  was  such  as  to  cause  high  <i 

in  columns  and  beam-  at  about  the  same  time.     In  Frame  s  the  presence 
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of  the  members  of  unloaded  panels  caused  the  moments  in  the  columns 
to  be  much  smaller  than  in  the  loaded  beam.  The  base  also  offered  so 
much  restraint  as  to  give  the  column  ends  almost  a  fixed  condition. 
Consequently  loads  which  would  cause  high  stresses  in  the  beams  would 
not  produce  cracks  even  in  the  intermediate  columns  although  the 
moment  there  would  be  greater  than  in  the  outer  columns.  It  will  be 
seen  then  that  for  Frame  8  there  are  two  cases  to  be  considered  in  com- 
paring the  experimental  results  with  the  analyses,  one  in  which  tensile 
strength  in  the  concrete  is  considered  in  all  members  and  the  other 
in  which  the  beams  and  the  intermediate  columns  are  cracked  on  the 
tension  side.  The  bending  moment  in  the  outside  column  is  very 
small,  and  there  is  no  chance  for  tension  cracks.  The  moments  in  the 
intermediate  columns  and  in  the  beams  of  the  side  spans  are  also  small 
except  at  the  extreme  end,  and  only  one  crack  appeared  in  this  member. 
Therefore  in  the  calculation  of  the  moment  of  inertia  of  the  cross -sec- 
tion for  the  second  case  it  is  not  correct  to  neglect  entirely  the  tensile 
strength  of  the  concrete  in  these  two  members.  A  probable  value  for 
the  moment  of  inertia  of  these  members  will  be  an  average  between 
that  obtained  by  using  the  full  cross-section  and  a  section  which  neg- 
lects the  part  outside  the  tension  rods.  This  assumption  was  made 
in  the  numerical  computation  of  the  moments  and  stresses  for  Frame  8. 
In  making  the  computations  of  stress  in  the  concrete  of  the  frames 
a  constant  modulus  of  elasticity  was  used,  that  is,  a  straight  line  stress- 
deformation  relation  was  assumed.  The  selection  of  a  proper  value 
of  the  modulus  of  elasticity  was  somewhat  dependent  upon  a  knowledge 
of  the  qualities  of  the  concrete  of  the  various  frames  and  a  comparison 
of  the  behavior  of  the  frames  with  that  of  the  corresponding  control 
cylinders.  Naturally  the  modulus  of  elasticity  used  was  generally 
less  than  the  initial  modulus.  The  values  of  modulus  of  elasticity  of 
the  concrete  used  in  the  computations  of  stress  are  given  in  Table  11. 

24.  Comparison  of  Test  Results  with  Analyses. — The  observed 
stresses,  i.  e.,  those  obtained  from  the  observed  deformations  by  the 
process  already  described,  have  been  plotted  in  Fig.  36  to  43.  The 
light  full  line  represents  stress  in  the  steel  at  the  nearer  side  of  the 
specimen;  the  dashed  line  the  stress  in  the  farther  side  of  the  specimen. 
The  dotted  line  represents  stress  in  the  concrete,  usually  at  the  median 
plane  In  general,  the  stresses  have  been  plotted  from  the  central  longi- 
tudinal axis  of  the  member  in  which  they  were  observed.  Because  of 
the  possibility  of  confusion  resulting  from  this  method  an  exception 
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was  made  in  Frames  2,  5,  and  8,  where  the  stresses  have  been  plotted 
from  the  line  showing  the  location  of  the  reinforcing  bar.  Tension  in 
steel  and  compression  in  concrete  when  measured  at  or  near  the  inner 
surface  of  a  member  have  been  plotted  in,  that  is,  toward  the  central 
part  of  the  frame  as  a  whole;  tension  in  steel  and  compression  in  con- 
crete when  measured  at  or  near  the  outer  Burface  of  a  member  nave 
been  plotted  out.  In  only  a  few  cases  have  tension  in  concrete  and 
compression  in  steel  been  plotted.  Both  have  been  plotted  out  if 
measured  on  the  inner  surface  of  a  member  and  in  if  measured  on  the 
outer  surface.  With  very  few  exceptions,  consequently,  steel  stn 
represent  tension  regardless  of  whether  in  the  diagram-  they  appear 
as  positive  or  as  negative  with  reference  to  the  coordinate  axes.  Plotted 
concrete  stresses,  likewise,  represent  compression.  The  point  at  which 
the  stress  line  crosses  the  coordinate  axis  represents  the  position  of 
the  point  of  inflection  and  not  a  change  in  the  sign  of  the  stress.  The 
heavy  full  line  represents  the  computed  stresses  for  both  steel  and 
concrete  which  have  been  calculated  for  various  points  by  means  of 
the  formulas  given  in  preceding  pages. 

In  Fig.  4")  and  47  are  given  load-deformation  curves  for  gage  lines 
not  represented  in  the  diagrams  of  Fig.  36  to  48.  The  location  of  the 
gage  lines  is  shown  in  Fig.  4t>  and  48. 

In  Table  14  are  given  values  of  both  observed  and  computed 
stresses  at  three  points  for  several  loads  for  all  the  frames.  Where  I 
precede-  the  computed  stress  the  calculation  considered  the  tensile 
strength  of  the  concrete;  where  II  precedes  il   and  where  neither  I  nor  II 

vcn,  the  computed  stress  is  based  on  the  assumption  of  no  tensile 
strength  in  the  concrete. 

A  study  of  the  tables  and  diagrams  seems  to  justify  the  following 
statements: 

(1)  The   experimental    and    the    computed    value-   of    Steel    StreSfl 

at  the  center  of  the  loaded  top  beam  are  in  fair  Bgreemenl  for  each  kind 
of  frame  tested  except  in  a  few  instances  in  which  the  load  was  com- 
paratively low  or  extremely  high. 

(2)  The  experimental  and  the  computed  values  of  the  steel  stn 

in  the  column-  are  also  in  fair  agreement,  but  the  maximum  difference 
between  experimental  and  theoretical  values  is  higher  than  in  the 
beams,  owing  to  the  fad  that  the  direct  stress  is  not  equally  distributed 
over  the  ci  :tion  of  the  column. 
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Computed 
f. 


Table  14 

Computed  and  Observed  Stresses  in  Frames 

Values  are  given  in  Roman  Type;  Observed  Stresses  in  Italics; 
is  Unit  Stress  in  Steel;  fc  is  Unit  Stress  in  Concrete. 


Frame 

A 

B 

C 

and  Load 

fs 

fc 

f. 

fc 

u 

U 

Frame  1 

18  000 

14  800 

16  100 

710 

1  140 

10  800 

8  900 

16  900 

17  900 

840 

1  240 

30  000 

24  600 

25  300 

1  180 

2  560 

18  000 

17  400 

28  200 

28  600 

1  400 

2  500 

36  000 

29  500 

81  900 

1  420 

21  600 

21  300 

33  800 

36  000 

Frame  2 
12  000  I 
II 

1  800 

11  600 

5  000 

490 
710 

690 

11  200 

11  600 

800 
730 

21  000 

21  100 

Frame  3 
30  000  I 
II 

600 

1  400 

480 

250 

13  200 
11  900 

1  080 
1  520 

22  800 

18  600 

1  350 

820 

38  000  I 
II 

900 
2  000 

610 

840 

16  700 

16  700 

1  370 

1  840 

28  900 
25  700 

1  710 
1  190 

46  000  I 
II 

Frame  4 
10  000  I 
II 

1  100 

2  800 

1  500 
8  500 

3  400 

740 

400 

410 
540 

590 

20  200 

22  300 

2  000 

8  700 

3  500 

1  660 
1  850 

340 
630 

680 

35  000 

34  300 

8  700 

7  200 

2  070 

1  500 

630 

780 

21  000  I 
II 

3  200 

17  800 
//  700 

860 
1  130 

1  550 

18  300 

16  300 

1  320 

1  670 

18  300 

19  300 

1  320 

1  540 

30  000 

25  500 
21  400 

1  620 

2  350 

26  100 

23  700 

1  890 

26  100 

29  900 

1  890 

2  550 

Fran 

10  000  I 

II 

—  1  000 

-  2  ()<)0 

—  3  0001 

—  3  7001 

—   900 
+  /  300 

—  3  9001 

—  2  2001 

12  000 
10  100 

SO  000  J 

JI 

—  3  700 

—  2  400 

—  5  9001 

—  7  800* 

—   1  900 
+  15  200 

+  4  500 

—  7  8001 

—  5  300' 

—  8  5001 

24  000 

24  800 

100  000  I 

II 

—  4  700 
-  2  OOO 

—  7  4001 
-  9  AO& 

—  2  400 
+  19  000 
+  9  300 

—  9  7001 

—  6  6001 
—10  9001 

30  000 

33  500 
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Table  14 — (Continued) 
Computed  and  Observed  Stresses  in  Frames 

Computed  Values  are  given  in  Roman  Type;  Observed  Stresses  in  Italics; 
f,  is  Unit  Stress  in  Steel;  fc  is  Unit  Stress  in  Concrete. 


!  ( iomprcBsivc  si  reel  in  steel. 

'Concrete  m  beam  under  load  considered  a>  broken  in  tension. 
ry  bigfa  stra 


Frame 

A 

B 

C 

and  Load 

f. 

f« 

f. 

r« 

f. 

u 

Frame  6 
18  000  I 
I 
II 

1  800 

3  700 

540 
900 

2  200 

10  800 
6  900 

600 

830 
1  090 

1  000 

19  6002 

9  900 

•  100 

760 

1  1702 

840 

1  080 

30  000  I 
II 

3  000 
2 1  300 

14  800 

900 
1  320 

/  670 

18  000 
17  700 

1  380 
,30 

31  8002 
26  500 
W  900 

1  9502 
1  680 

36  000  I 
II 

29  100 
23  600 

1  930 

2  460 

21  600 

n  ioo 

1  660 

38  2002 
32  900 

too 

2  340" 

2  020 
760 

Frame  7 
21  ooo  I 

11 

900 
—  100 

3  700' 
3  4001 

2  700 

9  0OO 
4  900 

610 

800 

1  350 

16  000 
13  IOO 

1  000 

38  000  I 
II 

1  600 
400 

6  8001 
6  0001 

1  900 
16  300 
12  100 

1  100 
1  440 

3 

28  900 

l  830 

46  ooo  I 
II 

1  900 
700 

8  2001 

;ooi 

19  800 
16600 

1  750 

3 

000 

210 

3 

Frame  8 

30  000  I 

8  900 
7  000 

850 

5000 

6  500' 
6  IOO1 

1  SOO 

2  IOO 

1  SIM) 

60  000  I 
II 

27  7<m»- 

-,oo 

1  7002 

9  900 
7  200 

13  0001 

a  ooo 

is  300 

2  800 

75  (KM)  I 
II 

600 

2  360 

12  400 

//  500 

in  200 



96  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

(3)  The  observed  compressive  stresses  in  the  concrete  at  the  low 
loads  which  developed  a  unit-stress  up  to  about  800  lb.  per  sq.  in. 
agree  reasonably  well  with  the  computed  values  though  in  most  of  these 
cases  the  observed  concrete  stresses  were  somewhat  higher  than  the 
computed  stresses.  In  some  instances  the  discrepancies  ran  up  to 
50  per  cent,  and  for  higher  stresses  the  discrepancies  were  frequently 
even  greater.  Undoubtedly  these  differences  are  partly  due  to  the 
fact  that  the  modulus  of  elasticity  used  does  not  represent  correctly 
the  modulus  of  elasticity  of  the  concrete  in  the  frames.  Other  matters 
difficult  of  explanation  probably  cause  further  discrepancies. 

25.  Effect  of  End  Condition  of  Column  on  Results. — The  secondary 
stresses  which  would  be  expected  as  a  result  of  the  friction  in  the  bear- 
ings at  the  free  ends  of  the  columns  in  Frames  1,  2,  4,  and  6  seem  to 
have  been  very  small  and  may  be  neglected  without  appreciable  error. 

The  concrete  bases  used  for  Frames  3,  7,  and  8  to  secure  the 
fixity  of  the  column  ends  were,,  of  course,  not  entirely  rigid,  and  a 
slight  bending  in  the  base  due  to  a  load  may  be  expected  to  have  an 
influence  on  the  bending  in  the  other  members.  Deformation  readings 
at  the  middle  point  of  the  base  were  taken  at  each  increase  in  the 
load.  The  results  of  these  observations  showed  practically  no  bending 
stress  for  all  loads  except  the  ultimate  load. 

26.  Distribution  of  Stress  over  the  Cross-Section. — In  the  observa- 
tions it  was  found  that  stress  in  the  steel  on  bars  near  a  front  corner 
of  a  member  differed  from  that  on  bars  near  a  back  corner  of  the  mem- 
ber, the  front  of  the  member  being  the  top  side  of  the  frame  as  poured 
and  the  back  side  being  the  bottom.  In  Table  15  are  given  stresses  in 
bars  at  front  and  back  at  two  places  on  the  frame  for  one  load  generally 
near  the  maximum.  It  is  seen  that  generally  the  stress  in  a  bar  near 
the  front  of  the  member  (top  of  the  member  as  poured)  is  less  than  that 
in  a  bar  near  the  back  (bottom  of  the  member  as  poured).  To  investi- 
gate the  distribution  further,  special  measurements  were  made  in  the 
columns  of  Frames  6  and  7,  the  gage  lines  being  placed  where  bending 
was  not  sufficiently  large  to  produce  tension  cracks  in  the  concrete. 
The  gage  lines  were  located  on  the  four  faces  of  the  column,  and  the 
observations  were  made  at  each  load.  The  front  outer  corner  developed 
the  lowest  tensile  stress  and  the  front  inner  corner  the  highest  compres- 
sive stress.     The  back  outer    corner    developed    the    highest    tensile 
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stress  and  the  back  inner  corner  the  lowest  compressive  stress.     The 
distribution  was  not  much  altered  by  the  increase  of  load. 

The  observations  indicate  a  lateral  bending  and  twisting  of  the 
frame.  It  seems  probable  that  the  main  source  of  the  difference  in 
stresses  from  front  to  back  was  the  lack  of  homogeneity  of  the  concrete, 
that  at  the  bottom  of  the  member  as  poured  being  stronger  and  stiffer 
than  that  at  the  top.  A  difference  in  stiffness  would  at  least  partially 
account  for  the  phenomena. 


B 


'+"■ 


i 


Beam 


Column 

Fig.  58.     Connection  of  Beam  and  Column  Showing  Typical  Location  of 

First  Cracks 


27.  Position  of  Point  of  Inflection  in  Columns. — The  position  of 
the  point  of  inflection  in  a  member  of  a  structure  which  is  subject  to 
flexure  is  an  important  element  for  use  in  designing  the  frame.  To 
determine  from  observed  deformations  the  position  of  the  point  of 
inflection  for  a  member,  it  is  necessary  to  separate  the  deformation 
into  that  caused  by  direct  stress  and  that  due  to  flexure  of  the  member. 
The  deformation  in  the  columns  of  Frames  3  and  7  were  thus  separated, 
straight  line  stress-deformation  relation  being  assumed,  and  the 
position  of  the  point  of  inflection  found.  The  position  of  the  point 
of  inflection  in  the  columns  of  these  frames  changed  very  little  during 
the  progress  of  the  loading.  For  these  frames  the  point  of  inflection 
was  found  to  be  almost  exactly  at  one-third  the  height  of  the  column, 
as  us  indicated  by  the  analysis. 


28.  Continuity  of  the  Composing  Members  of  a  Frame. — In  the 
teste  of  the  frames  there  was  no  sign  of  discontinuity  of  members  what- 
ever.    It  is  apparent  from  the  action  of  the  frames  and  from  the  stresses 
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observed  that  the  stresses  and  therefore  the  momenta  were  well  trans- 
mitted from  member  to  member  by  the  connection.  From  the  results 
it  is  felt  that  there  la  every  reason  to  have  confidence  in  the  rigidity  of 
connections  in  frame-  that  are  properly  designed. 

In  the  frames  free  to  turn  at  the  lower  column  ends  there  was  a 
tendency  for  a  crack  to  form  near  the  juncture  at  A  (Fig.  58)  at  a  lower 
load  than  that  at  which  a  craok  appeared  at  B.  In  the  frame-  with 
rigid  connection  at  the  lower  column  ends,  the  crack  at  B  appeared  at 
nearly  the  same  time  as  that  at   A. 


1 


FT 


HH- 


K: 


(") 


^e 


(*) 


Fia.  59.     Rectangulab  Joint  with   wi>  without  Fillet 


Stresses  at  Corners.     In  the  design  of  a  frame  a  square  corner 

BUCfa  OB  that  shown  at  A  in  Fig.  59  8  should  be  avoided  for  all  con- 
nection-, for  it  ifl  well  known  thad  theoretically  in  resisting  bending  the 
material  at  the  comer  would  develop  excessively  high  Bl  It  is 

therefore  common  to  design  Buch  corners  with  fillets  as  shown  in  Fig. 
b  .     No  attempt  will  l>e  made  to  compute  the  stres  the  fillets. 

The  observed  deformations  al  gage  lines  in   the  neighborhood  of  the 
fillets  and  within  the  Bpace  occupied  by  tin'  intersection  of  the  • 
members  :nv  plotted  in   Fig.   i">  and   17.     These  deformations  are  of 
interest.     Seme  of  these  values  have  been  converted    into   conci 

stresses   hy   the  use  of  the  moduli  of  elasticity  of    the  concrete    already 

assumed  and  are  given  in  Table  16. 
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Table  16 

Observed  Stresses  at  Sharp  Corners  in  Frames 

1,  3  and  6 

Stress  in  lb.  per  sq.  in. 


Load 

Frame  1 

Frame  3 

Frame  6 

lb. 

Gage  Line  69 

Gage  Line  81 

Gage  Line  71 

7  000 

300 

10  000 

310 

12  000 

80 

.... 

14  000 

720 

.... 

18  000 

670 

450 

21000 

760 

24  000 

810 

900 

30  000 

i  460 

1  100 

36  000 

1410 

1320 

38  000 

2  120 



30.     Conclusions  and  General  Comments. — Some  of  the  conclusions 
which  may  be  drawn  from  the  tests  and  the  discussion  are  as  follows: 

(1)  Considering  the  errors  involved  in  the  measurement  of 
the  deformations  and  in  the  determination  of  the  modulus  of 
elasticity  of  the  concrete,  as  well  as  those  due  to  assumptions  with 
reference  to  the  distribution  of  stresses  across  the  section  and 
over  the  gage  length,  the  results  presented  indicate  a  fair  agree- 
ment between  analyses  and  tests  and  justify  the  conclusion  that 
the  formulas  given  in  the  bulletin  for  statically  indeterminate 
stresses  as  applied  to  reinforced  concrete  structures  will  give  values 
for  stresses  in  the  members  well  within  the  limit  of  accuracy 
required  in  design. 

(2)  The  elastic  action  of  the  frames  under  external  load  and 
the  manner  of  stress  distribution  along  the  members  of  the  frame 
agree  fairly  well  with  the  analyses  given. 

(3)  The  location  of  the  point  of  inflection  in  the  members 
of  the  frames  under  load  agrees  closely  with  the  location  found 
by  analyse-. 

(4)  If  a  frame  is  carefully  designed  and  well  reinforced, 
there  Deed  be  do  anxiety  as  to  the  rigidity  of  a  joint.  Effective 
continuity  of  members  has  been  found  in  the  tests. 
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(5)  No  sudden  failure  took  place  in  the  frames  tested.  The 
increase  in  the  deflection  was  uniform,  indicating  as  great  relia- 
bility for  reinforced  concrete  frames  as  for  steel  structures. 

(6)  The  load  at  which  the  first  fine  crack  appears  near  the 
juncture  of  members  is  increased  by  fixing  the  lower  column  ends 
of  a  frame.  This  is  obviously  due  to  the  increase  in  horizontal 
thrust  at  the  lower  column  end  over  that  developed  when  the  lower 
end  is  free  to  turn. 

(7)  At  sharp  inside  corners,  high  compressive  stresses  were 
developed  in  the  concrete  due  to  so-called  curved  beam  action  and 
in  several  cases  local  failure  occurred  by  the  crushing  of  the  con- 
crete at  these  corners  under  high  load-. 

(8)  A  slight  deviation  of  the  axis  of  vertical  members  from  a 
vertical  line,  that  is  to  say,  a  slight  " out-of-form' '  of  the  vertical 
columns,  produced  an  appreciable  variation  in  the  stress  distribu- 
tion in  the  frame. 

(9)  Owing  to  the  existence  of  a  horizontal  thrust  (which 
varies  from  --P  to  ttt-P  in  most  common  cases  of  simple  frames) 

o  lo 

at  the  ends  of  a  vertical  or  inclined  member,  it  is  advisable  to 
incline  the  member  slightly  toward  the  direction  of  the  reaction 
at  the  end.  Such  arrangement  will  greatly  reduce  the  bending 
stress  in  the  member.  It'  this  arrangement  is  not  practicable,  a 
slight  increase  in  the  top  width  of  a  vertical  member  and  a  slight 
decrease  in  its  bottom  width,  brought  about  by  inclining  the  inner 
>urface  and  making  the  outer  Burface  vertical  will  add  materially 
to  the  rigidity  of  a  frame  without  a  proportional  increase  in  the 

amount  of  material  used. 

(10)  For  a  frame  having  an  inclined  column,  it  may  be 
pOSSibl  lect  the  form  of  frame  in  BUCh  a  way  that    the  column 

will  take  no  bending  stress  throughout  it-  Length. 

(11)  Due   attention    should    be    p;iid    to    the    rigid    joint    oi 
tie   member   to   insure   th<-  stiff  Connection   with   a   main    member. 
A  marked  tendency  to  cause  a  sudden  breaking  of  such  a  joint 
accompanied  an  increase  of  bending  moment   in  a  main  mem'1 
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(12)  The  use  of  a  footing  rigidly  connected  to  the  lower 
end  of  a  vertical  member  is  advisable,  for  it  will  reduce  the  bending 
moment  at  the  juncture  of  the  vertical  and  inclined  members.  A 
frame  having  such  a  footing  is  solvable  analytically,  since  it  ap- 
proaches the  case  halfway  between  that  of  the  hinged  end  and 
that  of  the  fixed  end  of  the  vertical  member,  provided  the  founda- 
tion is  sufficiently  unyielding.  A  little  consideration  is  needed  to 
provide  proper  reinforcement  at  the  juncture  of  the  column  and 
the  footing. 

(13)  The  formulas  derived  by  analysis  may  be  applied  to  a 
variety  of  forms  of  frames  and  are  of  wide  applicability. 
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BY   THE   SLOPE   DEFLECTION    METHOD 


I.  Preliminary 


1.  Object  and  Scope  of  Investigation. — Frames  composed  of  rec- 
tangular elements  must  in  general  be  designed  with  stiff  connections 
between  the  members  at  the  joints,  in  order  that  loadfl  may  be  carried. 
These  connections  must  be  capable  of  transferring  not  only  direct 
axial  tensile  and  compressive  forces,  but  also  bending  moments.  It 
follows  that  frames  made  up  of  rectangular  elements  arc  usually  stat- 
ically indeterminate;  that  is,  the  stresses  in  them  can  be  found  only 
by  taking  into  account  the  relative  stiffness  and  deformations  of  the 
various  members.  The  common  use  of  rectangular  frames  in  engi- 
neering structures  makes  it  highly  desirable  that  the  rnosl  convenient 
methods  of  analyzing  their  stresses  should  be  developed.     The  stree 

in  a  number  of  such  rectangular  frames  have  been  analysed  by  the 
writers.  This  bulletin  describes  the  methods  used  and  presents  the 
formulas  derived. 

The  bulletin  is  divided  into  two  parts:  the  first  part  is  devoted 
to  the  derivation  of  fundamental  equations;  in  the  second  part,  methods 
and  equations  arc  derived  for  use  in  determining  moments,  si 
and  deflections  for  a  variety  of  typical  structlin 

2.  Acknowledgments.  The  investigation  here  reported  was  made 
under  the  auspices  of  the  Department  of  Civil  Engineering  of  which 
Dr.  F.  II.  Newell  is  the  head.  A  portion  of  the  work  was  done  in  1915 
in  connection  with  the  development  of  i  thesis  in  partial  fulfillment 
the  requirements  for  the  degree  of  Master  of  Science  in  <  Jivil  Engineering 
by  V.  E.  Richabt.  Many  of  the  analyses  have  been  checked  by 
\\ .  I..  Pabibh,  graduate  student  in  Architectural  Engineering,  and 
Yi  I. ii  .  graduate  student  in  Civil  Engineering,  in  whom  the  authors 
gratefully  acknowledge  their  indebtedness. 


10  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

PART   I 

DERIVATION  OF  FUNDAMENTAL  EQUATIONS 

II.  Propositions  upon   which  Fundamental  Equations 

Are  Based 

3.  Statement  of  Propositions. — The  fundamental  equations  used 
in  these  investigations  are  derived  from  the  principal  propositions  of 
the  moment-area  method.*    These  may  be  expressed  as  follows: 

(1)  When  a  member  is  subjected  to  flexure,  the  difference  in  the 
slope  of  the  elastic  curve  between  any  two  points  is  equal  in  magnitude 

M 

to  the  area  of  the  -^j  diagram  for  the  portion  of  the  member  between  the 

two  points. 

(2)  When  a  member  is  subjected  to  flexure,  the  distance  of  any 
point  Q  on  the  elastic  curve,  measured  normal  to  initial  position  of  mem- 
ber, from  a  tangent  drawn  to  the  elastic  curve  at  any  other  point  P  is  equal 

M 

in  magnitude  to  the  first  or  statical  moment  of  the  area  of  the  -=r  diagram 

between  the  two  points,  about  the  point  Q. 

M  ... 

The  r—=  diagram  is  a  graph  in  which  the  ordinate  at  any  point  is 

til 

obtained  by  dividing  the  resisting  moment,  M,  by  the  product  of 
modulus  of  elasticity  of  material,  E,  and  the  moment  of  inertia  of  the 
section,  /,  at  that  point.  If  E  and  I  are  constant,  the  diagram  will 
be  similar  in  shape  to  the  moment  diagram  for  the  member. 

4.  Proof  of  Propositions. — The  line  AB,  Fig.  1,  represents  the 
elastic  curve  of  a  member  in  flexure.  Consider  the  elementary  length, 
ds,  of  the  member  shown  in  Fig.  2.  The  angle  between  radii  at  the 
ends  of  ds  will  be  denoted  by  dd.  The  linear  deformation  of  a  fibre 
at  a  distance  c  from  the  neutral  surface  is  cdd,  and  the  unit  deformation 

of  the  same  fibre  is  -=—     From  the  well  known  flexure  formula  the 

ds 


*The  principles  of  the  moment-area  method  were  given  in  an  article  by  O.  Mohr,  Beitraege  zur 

rie  der  Holz-und  Eisenkonstruktionen,  Zeitschrift  des  Arch.-und  Ing.     Ver.  zu  Hannover,  1868, 

p.  19.     About  the  same  time  the  method  was  presented  by  C.  E.  Greene  in  lectures  at  the  University 

of  Michigan.     Several  modern  textbooks  on  mechanics  give  the  method;  see,  for  instance,  Strength 

of  Materials,  by  J.  E   Boyd,  Second  Ed.,  1917. 
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■  '     diagram 

El 


1  BE    1 


Fiai  be  _' 


Mr 

accompanying  unit  stress  in  the  1 1 1 >i~« -  is  S—    ,  •  in  which  M  is  the 
resisting  moment  and  /  moment  of  inertia  ot'  section. 

Since  the  modulus  of  elasticity  is  the  ratio  of  he  mil 

deformation,  E  is  equal  tu  "  -  divided  by     ,        Hence  dS 
Since  in  a  vreU  designed  beam,  the  curvature  and  slope  are  small,  dx 
may  be  substituted  for  dt  without  material  error,  and  dB     ...  dx. 
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In  the  757  diagram  of  Fig.  1,  7-77  dx  represents   the   area  of  the 
HI  EjL 

diagram  for  the  length  dx.     The  area  of  the  diagram  between  points 

fP  M 
Q  and  P  on  the  elastic  curve  is  then  equal  to    /     ■==  dx.  But  the  differ- 

JQ    til 

ence  of  slope  of  the  tangent  to  the  elastic  curve  is  also  represented  by 

r        rpM 
e=  dd=jmdx (i) 

Hence  proposition  (1)  of  the  preceding  section  is  proved.  It  may 
be  noted  that  if  M  is  taken  as  the  resisting  moment  acting  on  the 
portion  of  the  member  to  the  left  of  any  section,  by  applying  the 

M 

conventions  of  section  5  the  area  of  the  7J77  diagram  is  positive;  also 

hi 

the  direction  of  integration  from  Q  to  P  is  positive,  and  the  difference 

in  slope  6  is  positive.     Other  terms  involved  may  be   considered  as 

scalar  quantities.     These  conventions  apply  to  any  case,  as,  for  instance, 

difference  in  slope  from  P  to  Q  is   negative,   since   the   direction   of 

integration  is  negative. 

In  Fig.  1  the  tangents  at  the  extremities  of  the  element  of  the 

elastic  curve,  ds,  are  extended  until  they  intersect  the  vertical  line 

through  the  point  Q.     The  intercept  on  this  vertical  line  between  the 

two  consecutive  tangents  is  xdO.     The  total  vertical  distance,  y,  of  Q 

from  the  tangent  drawn  at  P  is  the  algebraic  sum  of  all  the  intercepts 

between  tangents  for  the  portion  of  the  curve  between  Q  and   P; 


f 


that  is,  y=  J    xdd.      Substituting  the  value  of   dd  found  previously, 

y=J  -g]xdx       ® 

M  M 

In  the  Try  diagram  of  Fig.  1,  —  dx  represents  the  area  of  the 

M 

diagram  for  the  length  dx,  and  777  dx  times  x  represents  the  moment 

M 

of  this  area  about  the  point  Q.     The  moment  of  the  entire  area  of  the  757 

til 

diagram  between  point-  (,)  and  P  about  the  point  Q  may  now  be  ex- 
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I   M 

pressed  by/  yjxdx.  Since  this  expression  is  Identical  with  tin- 
right -hand  member  of  equation  (2),  proposition  (2)  of  the  preceding 
section  is  proved.     The  conventions  of  section  5  apply  here  as  explained 

in  the  proof  of  proposition  (1). 
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III.  Derivation  of  Fundamental  Equations 

5.  Conventional  Signs. — The  signs  of  the  quantities  used  in  the 
equations  in  this  bulletin  are  determined  by  the  following  conventional 
rules : 

When  the  tangent  to  the  elastic  curve  of  a  member  has  been  turned 
through  a  clockwise  direction,  measured  from  its  initial  position,  the 
change  in  slope,  or  the  angular  deformation,  is  positive. 

When  the  line  joining  the  ends  of  a  member  is  rotated,  the  move- 
ment of  one  end  of  the  member  relative  to  the  other,  measured  perpen- 
dicular to  the  initial  position  of  member  is  called  a  deflection,  and  is 
so  used  throughout  the  following  discussion.  The  deflection  is  positive 
when  such  rotation  is  in  a  clockwise  direction  from  the  initial  position 
of  member. 

The  resisting  moment  or  moment  of  the  internal  stresses  on  a 
section  is  positive  when  the  internal  or  resisting  couple  acts  in  a  clock- 
wise direction  upon  the  portion  of  the  member  considered.  According  to 
this  rule  the  portion  of  the  member  considered  must  always  be  specified, 
and  will  be  indicated  by  the  subscripts  used  with  the  moments.  For 
example,  if  C  is  a  point  on  a  member  between  the  ends  A  and  B,  MCA 
is  equal  to  —MCb- 

The  moment  of  an  external  force  or  couple  is  positive  if  it  tends 
to  cause  a  clockwise  rotation. 

0.  Derivation  of  Equations  for  Moments  at  Ends  of  Members  in 
Flexure — Member  Restrained  at  the  Ends  with  No  Intermediate  Loads. — 
The  line  AB  in  Fig.  3  represents  the  elastic  curve  of  a  member  which 
is  not  acted  upon  by  any  external  forces  or  couples  except  at  the  ends. 
The  resisting  moment  at  A  is  represented  by  MAb  and  at  B  by  MBA> 
The  change  in  the  slope  of  the  elastic  curve  at  A  from  its  initial  position 
is  represented  by  9A,  and  that  at  B  by  BB-  The  deflection  of  A  from 
its  original  position  A'  is  d.  The  distance  of  B  from  the  tangent 
drawn  to  the  curve  at  A  is  equal  to  (d—ldA). 

From  proposition  (2),  section  3,  (d—ldA)  may  be  expressed  as  the 

M 
statical  moment  of  the  ■=&  diagram  for  member  AB  about  the  end  B. 

til 
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L5 


The  quantities  E  and  /  will  here  be  considered  as  constanl  through 
the  length  AB.     If  M  represents  the  resisting  moment  on  the  portion 

of  member  to  the  left  of  a  section.  M  is  equal  to  —Mab  a1  A,  and  to 

-\-Mba  at  B.    The  jrj  diagram  of  Fig.  3  can  best  I  the 

1 


Ricn  : 


algebraic  sum  of  tin-  two  triangles  bad  and  bed.     Hence  the  statical 

moment  of  the  ^  diagram  about  B  is  equal  to  the  area  of  triangle  bad 

times  the  distance  to  it-  centroid,  '-'.;/.  plus  the  area  of  triangle  bod 
times  the  distance  to  its  centroid,  \^l.     This  gh 

-MABPt  Mba* 


d-l$A  = 


Prom  proposition  (1),  section  3,  dB—0A  is  equal  to  the 

the  J.,  diagram  for  member  .!/>'.  or  the  algebraic,  sum  of  areas  bad 

til 

and  bed.    This  gives 

-  M  m.I     M 


0h—0a  = 


2E1 


■21:1 


I 


imbining  equations   3   and    I    to  eliminate  Wba\  letting  f     K 

and  j  =  Rt  gh 

Mam     2EK  26A  +  d,t-'Mi)  .  

Similarly  combining  equations    3  and     I         eliminate   Ifj 


Mba    2EK  2eB+eA-zR 
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Since  the  signs  of  all  quantities  in  equations  (3)  and  (4)  are  independent 
of  the  sense  of  the  quantities  themselves  it  follows  that  equations  (3) 
and  (4)  are  general ;  and  they  give  the  sense  as  well  as  magnitude  of  the 
moments, no  matter  what  the  senses  of  6A,  6B,  and  R  may  be,  provided  the 
method  of  determining  signs  given  in  section  5  is  followed.  As  before 
noted,  MAB  is  the  resisting  moment  acting  at  the  end  A  of  the  member 
AB.  The  moment  which  AB  exerts  upon  the  support  at  A  is  equal 
in  magnitude  but  opposite  in  sense  to  MAb-  A  and  B  are  not  neces- 
sarily supports  of  a  member  but  may  be  any  two  points  along  the 
length  of  a  member,  provided  there  is  no  intermediate  load  on  the 
member  between  them. 


(c) 

Figure  4 

Equations  (5)  and  (G)  are  fundamental  equations.*  They  may  be 
expressed  as  follows :  —  The  moment  at  the  end  of  any  member  carrying 
no  intermediate  loads  is  equal  to  2EK  times  the  quantity:  Twice  the 
change  in  slope  at  the  near  end  plus  the  change  in  slope  at  the  far  end 
minus  three  times  the  ratio  of  deflection  to  length.     E  is  the  modulus 


♦The  Blope-deflection  equations  for  a  member  acted  upon  only  by  forces  and  couples  at  the  ends 
were  deduced  by  Manderla  in  1878.  See  Annual  Report  of  the  Technische  Hochschule,  Munich, 
1879,  and  Allgemeine  Bauzeitung,  1880.  The  use  of  these  equations  has  been  developed  by  several 
irriters,  among  irhom  are: 

Mohr,  Otto,  "Abhandlungen  aus  dem  Gebiete  der  Technischen  Mechanik,"  Second  Ed.,  1914. 

Kunz,  F.  C.  "Secondary  Btre—ca,"  Engineering  News,  Vol.  66,  p.  397,  Oct.  5,  1911. 

Wilson  and  Maney,  "Wind  Stresses  in  the  Steel  Frames  of  Office  Buildings,"  Univ.  of  111.  Eng. 
Exp.  Sta..  Bui.  80.  1915. 
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of  elasticity  of  the  material,  and  K  is  the  ratio  of  moment  of  inertia 
to  length  of  member. 

7.     Derivation  of  Equations  for  Mori  U  Ends  <>/  Members  in 

Flexure — Member  Restrained  ai  Uu  Ends  with  Ann  System  qf  Interme- 
diate Loads. — The  Line  AB,  Fig.  4-a.  represents  the  elastic  curve  of  tin- 
member  of  Fig.  3,  but  acted  upon  by  a  system  of  intermediate  load-. 
The  moments,  slopes,  and  deflection-  at  .1  and  B  are  similar  to  those 

M 
of  Fig.  3.     The  ^77  diagram,  however,  is  affected  by  the  intermediate 
hi 

loads.    The  quantity  EI  will  again  be  considered  constant.     From 

If 
well  known  principles  of  mechanic-,  the  —  diagram  of  Fig.  4-c  may 

be  obtained  by  superimposing  the  .,,  diagram  for  a  simple  beam  under 

hi 

the  same  intermediate  loads  (see  Fig.  4-b)  upon  the  ]-,  diagram  of 

Fig.  3.  This  is  merely  the  algebraic  addition  of  the  different  moment  - 
at  any  Bection,  just  as  in  an  algebraic  analysis  the  moment  at  the  end 

of  a  girder  is  combined  with  the  moment  of  the  -hear  at  the  end  and 
of  the  external  load-  about  the  given  section.      Denote  the  area  of  the 

simple  beam  diagram  of  Fig.  4-b  by  P,  and  the  distance  <>t  it-  centroid 
from  B  by  .<".    Then,  using  the  proposition-  of  BectioD  3  a-  before,  the 

M 

statical  moment  of  the  -777  diagram  about  H  is  equal  to  (d—6J). 

(i      a  i\       —MmJ      Affix*      /  /7N 

w-w— m-+m-Bi (7) 

If 

The  area  of  the  -n-r  diagram  i-  equal  to  6lt  —  8A. 

(0„-0,)=     _,/;/       ■■,,.;}-£] (8) 

( lombining  equation-  '7 1  and  (8)  to  eliminate  Mb  l.  letting  ,    -  K  and 

d     u 

2F 
Mab-2BK    20a+9b-$R)  ~  '      ;  

Similarly,    combining    equations   (7)   al"'     s     '"  'hinmatr    Mai     uriv.- 

2F 

M    |     2EK    »a+^-3fi)  -r  ~      2  .     .     .     .(10 
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It  is  seen  that  equations  (9)  and  (10)  are  identical  with  equations  (5) 
and  (6)  except  that  they  contain  an  additional  term  in  the  right-hand 
members  of  the  equations.  This  additional  term  is  independent  of 
the  slopes  and  deflections  of  the  member,  and  depends  solely  upon  the 
intermediate  loads.  Further  significance  is  given  to  this  term  if  the 
slopes  and  deflections  are  made  equal  to  zero,  as  is  true  in  a  fixed  beam 
with  supports  on  same  level.  The  last  term  then  becomes  the  resisting 
moment  acting  on  the  end  of  the  fixed  beam.  Hence  it  is  seen  that 
in  general  the  resisting  moment  at  the  end  of  a  member  with  any  system 
of  intermediate  loads  can  be  expressed  as  the  algebraic  sum  of  the  resisting 
moment  at  the  end  of  a  member  with  no  intermediate  loads,  as  given  by 
equations  (5)  and  (6),  and  the  resisting  moment  at  the  end  of  a  fixed 
beam  with  an  equal  span  and  carrying  the  same  system  of  intermediate 
loads. 

If  the  resisting  moment  at  the  end  of  a  fixed  beam  with  supports 
on  same  level  be  expressed  by  C,  with  subscripts  similar  to  those  used 
for  moments,  M,  equations  (9)  and  (10)  may  be  written  in  the  following 
general  form 

MAB  =  2EK(2eA+eB-ZR)-CAB (ID 

MBA  =  2EK(2eB+0A-3R)  +  CBA •      •      (12) 

These  are  the  general  slope  deflection  equations  which  apply  to  any 
condition  of  loading  and  restraint. 

The  sign  of  the  constant  C  may  be  determined  as  follows:  In  a 
fixed  beam  the  sign  of  the  resisting  moment  at  the  end  of  a  member  is 
opposite  to  that  of  the  moment  of  external  loads.  For  instance,  in  Fig.  4 
the  moment  of  external  loads  about  the  end  A  is  clockwise,  so  the 
resisting  moment  CAb  is  counter  clockwise  or  negative;  and  since  the 
moment  of  the  loads  is  counter  clockwise  about  B,  Cba  is  clockwise  or 


Figure  5 

positive.  If  the  loads  were  upward  instead  of  downward,  the  signs  of 
Cab  and  Cba  Would  be  reversed.  With  signs  thus  treated,  C  becomes 
merely  a  numerical,  or  scalar,  quantity. 

It  has  been  noted  that  equations  (11)  and  (12)  apply  to  any  con- 
dition of  restraint  of  the  ends  of  a  member.     Fig.  5  shows  a  member 
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restrained  at  A  and  hinged  to  the  support  at  /;.  so  that  the  resisting 
moment  at  B  is  zero.     Equations  (11)  and  (12)  may  be  written: 

Mab=2EK(20a+0b-ZR)-Cab 

0  =  Mba  =  2EK{2  On  +  9A-  SR)  +  CBA 

Combining  these  two  equations  to  eliminate  On  giv< 

MAB  =  EK(SdA-3R)-(CAIi  +  ^) (13) 

If  the  beam  is  fixed  at  A  and  hinged  at  H,  with  the  supports  on  the 
same  level,  6A  and  R  in  equation  (13)  are  zero,  and  therefore  the  term 

—  (CAb-\ — 5-)  represents  the  resisting  moment  at  the  end  A,  and  ran 

be  readily  calculated  for  any  given  loading. 

By  similar  reasoning,  when  a  beam  is  restrained  at  the  end  B  and 
hinged  to  support  at  A,  it  is  found  that 

MBA=EK@eB-3R)+(CBA+^) (14 

For  more  convenient  reference  let  the  quantity   {Cab+    .^)  be 

Q 

denoted  by  HAIi,  and  the  quantity  (Cn.\-\ — 5—)  by  Hba- 

Equations  (13)  and  1 14)  then  take  the  general  form 

Mab=EK@6a-ZR)-Hab (15 

Mba=EK@$b-SR)+Hba (16 

The  term  //  representfl  the  resisting  moment  at  the  fixed  end 
a  beam  which  is  fixed  at  one  end  and  hinged  to  the  support  at  the  other. 
with  support-  at  same  level.  The  sign  of  H  is  determined  in  the  same 
way  as  the  sign  of  C  in  equations  (11  and  12).  That  is,  the  sign  of  // 
ua  always  opposite  to  the  sign  of  the  moment  of  the  external  loads 
about  the  fixed  cud  of  the  member.  It'  the  external  loads  act  upward 
instead  of  downward,  the  values  of  //  in  equations  L5  and  L6)  must 
be  reversed. 

Equations  (11)  and  (12)  are  the  general  equal 
a  member  in  flexure.     Equations    15    and     16    are  special  forms  of 
(■(luation-    1 1 1  and    12  .  applicable  to  members  having  one  end  hinged. 
For  convenience  in  reference  these  four  equations  en  in  Table  l 

where  they  arc  denoted  as  equations     \      B),    (      and    D 
tively. 


20 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


A 

Bt 

I 

Mm 


Figure  6 

Table  1 
General  Equations  for  the  Moments  at  the  Ends  of  a  Member  AB  in  Fig.  6 

MAB  =  2EK(2<9A+0B-3R)TCAB (A) 

Mba  =  2EK(20b+6>a-3R)+CBa (B) 

If  end  B  is  hinged, 

MAB  =  EK(30A-3R)+HAB (C) 

If  end  A  is  hinged, 

MBA  =  EK(30B-3R)+HBA (D) 


Note. — The  signs  of  the  quantities  used  in  these  equations  are  determined  by  the  following  rules: 

9  is  positive  ( +)  when  the  tangent  to  the  elastic  curve  is  turned  in  a  clockwise  direction. 

R  is  positive  (+)  when  the  member  is  deflected  in  a  clockwise  direction. 

The  moment  of  the  internal  stresses  on  a  section  is  positive  ( -f-)  when  the  internal  couple  acts 
in  a  clockwise  direction  upon  the  portion  of  the  member  considered. 

If  the  moment  of  the  external  forces  on  the  member  about  the  end  at  which  the  moment  is  to 
be  determined  is  positive  (+),  the  sign  before  the  constant  is  minus  ( — );  if  the  moment  of  the  ex- 
ternal forces  about  the  end  at  which  the  moment  is  to  be  determined  is  negative  ( — ),  the  sign  before 
the  constant  is  plus  (+).  With  the  forces  acting  downward  as  shown  in  the  sketch,  for  the  moment 
at  A,  Cab  and  H AB  are  preceded  by  a  minus  ( — )  sign,  but  for  the  moment  at  B,  Cba  and  Hba  are 
preceded  by  a  plus  ( +)  sign. 

8.  Derivation  of  Equations  for  Moments  at  Ends  of  Members  in 
Flexure — Member  Restrained  at  the  Ends,  with  Special  Cases  of  Loading. — 
One  method  of  determining  the  quantities  C  and  H  in  equations  (A), 
(B),  (C),  and  (D)  of  Table  1  has  been  explained.  To  illustrate  the 
method,  some  special  cases  will  be  considered  here. 

Fig.  7  shows  a  member  restrained  at  the  ends  with  a  concentrated 
load  at  a  distance  a  from  A,  and  a  distance  b  from  B.     In  the  simple 

beam  moment  diagram,  the   maximum  ordinate  is 
.    -Pdb 


I 


■)  the  area  F 


is 


2 

Vsd  +  b). 


)  and  the  distance  x  of  the  centroid  of  the  area  F  from  B  is 
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Figure 


Hence  putting  these  values  in  the  lasl  term-  of  equations  (!))  and    LO 

gives 


2Fn-     n     -P<M         r 


p 


p 


and 


•>/•'  +  /V7, 


17 


(18) 


If  the  member  had  been  hinged  instead  of  being  restrained  at  />'. 

the  value  of  II m:  could  have  been  found  from  tin-  last  term  of  equation 

(  13).  in  which 


i    ■  V-  Jrfl+w— **. 
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Similarly,  if  the  member  had  been  hinged  at  .1  and  restrained  at 
/;.  the  value  of  Hba  could  have  been  found  from  the  last  ten1  [ua- 

tion  ( 14)  in  which 


+«•,.,-',  // 
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I 
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Figure  8 


As  another  common  case,  consider  a  loading  which  is  symmetrical 
about  the  middle  of  the  member,  as  shown  by  Fig.  8.  It  is  obvious 
that  the  centroid  of  the  simple  beam  moment  diagram  will  be  at  the 

middle  of  the  member,  so  that  x  =  „•   Substituting  this  in  the   last 


term  of  equations  (9)  and  (10), 

I 

I 


2F  F 


AB 


and 


IF  F 

+±L(2l-Zx)  =  +j  =  +CBA 


(21) 


(22) 


Similarly,  for  a  member  having  the  end  A  hinged,  the  last  term  of 
equation  (13)  gives 


-(C 


AB 


^  ba \  _       &    r ji 

~2~>-     2   l~        AB 


(23) 


For  a  member  having  the  end  B  hinged,  the  last  term  of  equation  gives 

(24) 


+  (C BA+ ~2~)  =  Jt~2T~Jr^BA 


r 

A  geometrical  meaning  is  attached  to  the  term  -r  since  it  represents 

the  average  ordinate  of  the  moment  diagram  for  a  simple  beam  under 
the  given  loading. 

From  these  illustrations  it  is  seen  that  values  of  C  and  H  may  be 
found  by  the  use  of  equations  (9),  (10),  (13),  and  (14).  Values  are 
also  given  for  the  more  common  cases  of  loading  in  text  books  on  strength 
of  materials,  but  when  so  determined,  the  sign  must  be  fixed  in  accord- 
ance with  the  rules  of  section  5. 
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Another  method  for  determining  C  and  //  may  be  readily  applied 
to  any  kind  of  loading.     For  a  member  carrying  a  -ingle  concentrated 

7)     )  '2 

load  P,  as  shown  in  Fig.  7,  the  value  of  Cab  is     p    i  and  the  value  of 
Cba  is      n    i  as  given  in  equations  (17)  and  (18).     If  there  are  several 

concentrated  loads  on  the  member,  by  summation  Cab  —  / .    n    >  and 
Cba  =  2/ 


Pa2b 


If  there  is  a  distributed  load  on  the  member  the  same  method  may 
be  used,  by  performing  an  integration  in  place  of  the  summation. 
Let  ir  be  the  unit  loading  on  an  element  of  length  dx,  which  is  at  a 
distance  x  from  the  left  end,  and  a  distance  l  —  x  from  the  right  end 

of  the  member.     In  the  expression      ,,,    >  replace  P  by  ivdx,  a  by  x,  and 

(l-z)*dx      ..    .,    .      n         fwx-(l-x)dx. 


/irr(l  —  xY~dx  fw 
jr2 -•   Similarly,  Cba—  /  — 


/'- 


The  limits  of  the  definite  integral  are  fixed  by  the  length  of  the 
member  under  Load. 

If  the  unit  load  ir  is  not  constant,  it-  variation   may  he  expn C 
in  terms  of  ./\  and  the  general  value  for  the  total  load  on  a  length  dx 

thus  found  substituted  for  /'  in  the  given  expression  for  a  single  con- 
centrated load,  after  which  tin-  integration  may  !"■  performed  a-  just 
indicated. 

Values  of  C   and   //   for  different    systems  of    load-  are  given   for 

reference  in  Tables  2  and  3. 
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Table  3 


Values  of  Constants  C  and  H  for  Different  Systems  of  Loads  to  be  Used  in 

the  Equations  of  Table  1 
All  Loads  Symmetrical  about  Center  of  Member 


Xo. 


Condition 
of  Loading 


Moment 
Diagram 


Single  load  at  the  center. 


Two  equal  loads. 


F 
Cab  =  Cba  =  y 


8  ^ 


Pa   .       . 
—  (I -a) 


Hab  =  Hba  =  ~w  "T" 


—  PI 

16    L 


S^Pa 
2     I 


(I -a) 


PI 


Equal  loads  at  the  third  points 


;  41 


Equal  loads  at  tin:  quarter 
points. 


~pi 

16 


PI 


15 

32 


PI 


hwl 


Uniform  load  over  entire  span. 


-iwi 
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Table  3 — Continued 


No. 


Condition 
of  Loading 


Moment 
I »  .^ram 


Cab  =  Cba  — 


3    F 

H ah  =  H  BA  =  "o"  ~|" 


VE 

-  \ 


3k 


Equal  uniform  loads  at  the  ends 


1 

* 

/J 

1 

ts»      K^#- 

V 

1 

1 

\ 

127  (3/_2a) 


12/ 


(P+2al-2a-) 


I'nifurrn  load  at  the  center. 


Wa 

si 


(3/ -2a) 


w_ 

si 


(r-+2al-2an-) 


10 


'"'   117 
18 


inflmnting  uniformly 
from  sero  at  1 1 1 « -  ends. 


hm 


increasing  uniformly 
from  iero  :it  t  In-  center. 


n,1" 


km 


Wl 


\\l 
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PART   II 

DETERMINATION    OF    STRESSES    IN   STATICALLY   INDE- 
TERMINATE STRUCTURES 

9.  Assumptions  upon  which  the  Analyses  are  Based. — The  analyses 
in  this  bulletin  are  based  upon  the  following  assumptions: 

(1)  That  the  connections  are  perfectly  rigid. 

(2)  That  the  length  of  a  member  is  not  changed  by  axial  stress. 

(3)  That  the  shearing  deformation  is  zero. 

Recent  tests  by  Abe*  show  that  the  first  assumption  is  approxi- 
mately true  for  reinforced  concrete  frames,  and  tests  by  Wilson  and 
Mooref  show  that  this  assumption  is  also  approximately  true  for  certain 
types  of  riveted  connections  of  steel  frames. 

The  error  due  to  assumptions  (2)  and  (3)  depends  upon  the  geo- 
metrical properties  of  the  frame,  but  for  frames  of  usual  proportions 
the  error  is  not  large.  These  assumptions  are  discussed  in  detail  in 
sections  67  and  68.  The  error  due  to  slip  in  connections  is  discussed 
in  section  69. 

10.  Notation. — The  following  notation  has  been  used: 
a  =  distance  from  end  A  of  a  member  to  a  load. 

b  =  distance  from  end  B  of  a  member  to  a  load. 

d  =  deflection  of  one  end  of  a  member  with  respect  to  the  other 
end,  measured  perpendicular  to  initial  position  of  member. 

e  =  eccentricity  of  load. 

h  =  vertical  height  of  a  structure. 

/,=  error  in  resisting  moment  due  to  neglect  of  shearing  strain. 

/  =  length  of  a  member. 
m  =  change  in  the  rate  of  loading  in  a  unit  distance. 

n  =  ratio  of  K  of  top  member  to  K  of  left-hand  column  for  a  four- 
sided  frame. 

p  =  ratio  of  K  of  top  member  to  K  of  bottom  member  for  a  four- 
sided  frame. 


.  Mikishi,  "Analysis  and  Testa  of  Rigidly  Connected  Reinforced  Concrete  Frames,"  Univ. 
of  II.  p.  Sta.,  Bui.  107,  1918. 

fWilaon,  W.  M.and  Moore,  II.  (■  ,  "Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel 
Structure-,"  Univ.  of  III.  Eng.  Exp.  Sta.,  Bui    104,  1017. 
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#  =  ratio  of  the  length  of  the  left-hand  column  to  the  length  of  the 
right-hand  column  of  a  two-legged  bent. 

s  =  ratio  of  K  of  top  member  to  A'  of  right-hand  column  for  a  four- 
sided  frame. 

?*  =  load  per  unit  of  length  (variable). 
//■  =  uniformly  distributed  load  per  unit  of  length. 
A  =  area  of  section  of  a  member. 
Cab  =  resisting  moment  at  end  A  of  a  member  AB  fixed  at  both  ends 
and  having  both  ends  at  the  same  level. 

E  =  modulus  of  elasticity  in  tension  and  compression. 
F  =  area  of  the  moment  diagram  of  a  simple  beam. 
(1  =  modulus  of  elasticity  in  -hear. 
//  =  reaction. 
ll.\n  =  resisting  moment  at  end  A  of  a  member  AB  fixed   at    .1    and 
hinged  at  B  and  having  both  end-  at  the  same  level. 
/  =  moment  of  inertia  of  section  of  a  member. 
K  =  ratio  of  moment  of  inertia  of  section  to  length  of  a  member 
M  =  moment  of  an  external  couple. 
.1/ .,  =  statical  moment  of  external  forces  about  point  .1. 
Mab ■■  resisting  moment  acting  at  the  end  A  of  a  member  AB. 
M    |  = resisting  moment  acting  at  the  end  Ii  of  a  member  AB. 

A" =  restraint  factor,  depending  on  manner  in  which   the  ends  of  a 
member  are  held. 

V  =  concent  rated  load. 

B=y= ratio  of  the  deflection  of  one  end  of  a  member  (with  respect 

to  the  other  end     to  the  length  of  the  member. 

S*  shear. 

RT= total  distributed  load  on  a  member. 
a=n*-f-2pn+2n-|-3p,  for  a  symmetrical  four-sided  frame. 
/3  =  ()//-h/;+  1,  for  a  symmetrical  four-sided  frame. 
&-22(pn8+p8+n8+np)+2(j?8+pat+pn*+i?n+8i+9-\  + 

-\-p'2  +  p),  for  a  rectangular  frame. 
A.  «2[n«(4+3g+4g*) +(«*+*)  +g*  for  a  two- 

legged  rectangular  bent  with  unequal  lej 
A     2  3ns*  •  Lhw+^+a+Sn'H  i         .  for  a  two-legged  rectangular 

bent. 

0~  change  in  the  dope  of  the  tangent   to  the  elastic  cur. 
member. 
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IV.  Girders  Having  Restrained  Ends 

11.  Moments  at  the  Ends  of  a  Girder  Having  Fixed  Ends — Both 
Supports  on  the  Same  Level. — If  a  girder  is  fixed  at  the  ends  and  if  both 
supports  are  on  the  same  level,  9A,  Ob,  and  R  of  equations  (A)  and  (B), 

Table   1,  equal   zero.     This  being  the  case,  Mab  =  +Cab  and  MBA  = 

+CBA.     Values  of  Cab  and  Cba  for  different  systems  of  loads  are  given 
in  Table  2. 


* 

p 

t . 

B 

■<■ 

=^e* 

/ 

e„£= 

■  a 

— > 

Figure  9 

12.  Moments  at  the  End  of  a  Girder  Having  One  End  Fixed  and 
the  Other  End  Hinged,  Both  Supports  on  the  Same  Level. — If  a  girder  is 
fixed  at  one  end,  6  for  that  end  equals  zero.  Likewise  if  both  supports 
are  on  the  same  level,  R  =  0.  This  being  the  case,  the  moment  at  the 
fixed  end,  as  given  by  equations  (C)  and  (D),  Table  1,  is+HAb  or  ±Hba- 

Values  of  HAn  and  HDa  for  different  systems  of  loads  are  given  in 
Table  2. 

13.  Moments  at  the  Ends  of  a  Girder  Having  Ends  Restrained 
but  not  Fixed. — Fig.  9  represents  a  girder  restrained  at  A  and  B.  P 
represents  the  resultant  of  any  system  of  forces  on  AB.  The  change 
in  slope  at  A  is  6A  and  at  B  is  dB.     The  deflection  of  B  relative  to  A 


is  d 


R  =  d- 


Applying  equations  (A)  and  (B),  Table  1,  gives 

MAB  =  2EK(2eA  +  en-ZR)-CAn (25) 

MBA  =  2EK(2d/i+6A-ZR)+CBA (2G) 

In  order  to  determine  MAH  and  MfsA,  0A,  dB,  and  R  must  be  known. 
As  shown  in  Fig.  9,  6A  and  R  are  positive  and  6B  is    negative.     If  P 
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:;i 


had  been  upward  instead  of  downward,  CAli  would  have  been  preceded 
by  a  plus  (+)  sign  and  CBA  by  a  minus  (  — )  sign.  Values  of  Cab  and 
Cba  for  different  Bystems  of  loads  to  be  substituted  in  equations   25 

and  (26)  are  given  in  Table  2. 

14.    Moment  at  End  of  a  Qirder  Having  One  End  Hinged  and  tin 
Other  End  Restrained  but  not  Fixed, — Fig.  10  represents  a  girder  hinged 


Figure  10 

at  B  and  restrained  but  not  fixed  at  .1.     P  represents  the  resultant  of 
any  system  of  forees  on  AB.    The  change  in  slope  at  .1  is  0A.  and  the 

7 

deflection  of  B  relative  to  A  is  d\    iR=y 

Applying  equation  (C)  of  Table  1  gi\ 
MAn  =  EK(ldA-'3K)-JIAI{ (27 

As  shown  in  Fig.  10,  6A  is  positive  (+)  and  R  is  negative  ( — ). 

If  P  had  been  upward,  Hab  would  have  been  preceded   by  B  plus  (  ~H 
sign. 

.! 

P 


PlQUBl    11 

For  the  girder  represented  by  Fig.  1 1 
Mba^BKWb-SIO+Hba       ■     ■ 


in  which  R  is  positive  (+)  Bnd  9b  w  negative  I  — ). 

Values  of  Hab  and  Hba  for  different  systems  of  loads  to  be  u 

m  t(iuatioii-  (27)  and    28         given  in  Tabl< 
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V.  Continuous  Girders 

15.  Girder  Continuous  over  Any  Number  of  Supports  and  Carrying 
Any  System  of  Vertical  Loads.  Supports  all  on  the  Same  Level.  General 
Equation  of  Three  Moments — Two  Intermediate  Spans. — Although  the 


\fcz,  -  Mco 


results  of  this  section  are  included  in  the  following  section,  detailed 
procedure  is  given  here  to  show  how  the  slope-deflection  equations  are 
to  be  applied  to  a  continuous  girder.  Fig.  12  represents  two  inter- 
mediate spans  of  a  continuous  girder  extending  over  a  number  of  spans. 
All  supports  are  on  the  same  level.  P0  represents  the  resultant  of  the 
forces  on  AB,  and  Pi  represents  the  resultant  of  the  forces  on  BC. 

j  for  span  BC  is  K.     j  for  span  AB  is  —      Since   all    the    supports 

t  V  lb 

are  on  the  same  level,  R  =  0  for  all  spans. 

Applying  the  equations  of  Table  1  gives 

MAB  =  ^±(2dA+6B)-CAB (29) 

IV 

MBA  =  —(20B+dA)+CBA (30) 

ft 

Mnc  =  2EK(2dn+dc)-CIiC •  (31) 

Mcii  =  2EK{29c+en)+CcB (32) 

MnA  +  MDc  =  0 (33) 

Substituting  the  value  of  dA  from  equation  (29)  in  equation  (30) 
giv 

2MBA-MAB  =  —  6B+2CBA+CAB (34) 

ii/ 

Substituting  the  value  of  6C  from  equation  (31)  in  equation  (32) 
gives 

McB-2MBc=-QEKdB+CcB+2CBc (35) 
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Substituting  the  value  of  6B  from  equation  (36)  in  equation    34  , 
and  substituting  —  Mm   for  M nA  gives 

nMAB+2MBc(n+l)+McD=-ln(2CBA+CABH(CcB-\-2CBc)] 

In  determining  the  values  of   <    and  //  given   in  Table  3,  it  was 
found  that 

J.        2Cab~{~Cba       i  tt         '-'  n  \-\-(  Mt 
liMi  = ~ and  as  a— ^ ■ 

Equation    36)  can,  therefore,  be  written  in  the  form 

nAfAB+2AfBc(n+l)+Mci>=-2[nHBA+Hiic]    ....    (37 

This  is  the  general  form  of  the  well-known  "Equation  of  Three 

Moments."*     It   may   be   applied    to   a   continuous  girder   having    all 

supports  on  the  same  level,  no  matter  what  the  type  of  loading  to 

which    the    girder    is   subjected.      Afl    applied    to   two   adjacent    spans, 

j  J-       j 

K  =  j  for  the  right-hand  span  and  —  =  .    for  the  left-hand -pan:  that  is, 

I  ILL 

n  =  j   for   the   right-hand   span   divided    by    .    tor   the    left-hand   span. 

Values  of  //  for  differenl  types  of  loading  are  given  in  Tabli  2 

16.  Girder  Continuous  over  Ann  Number  oj  Supports  and  Carrying 
Any  SysU  m  of  Vi  rtical  Loads.  Supports  All  on  tht  Sum*  L<  n  I.  (i>  m  ral 
Equation  of  Thru  Moments  Two  Adjacent  Spans  ai  '>•■  End.  I 
of  Girder  Hinged-  Big.  13  represents  the  two  spans  a1  the  left-hand 
end  of  a  continuous  girder.  All  supports  are  on  the  same  level.  l\ 
represents  the  resultant  of  the  load-  on  AB%  and  \\  repp  the 
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resultant  of  the  loads  on  BC.  The  girder  is  hinged  at  A.  Equation 
(37),  having  been  derived  for  the  general  case,  is  applicable.  As  the 
girder  is  hinged  at  A,  MAB  =  0.  Equation  (37),  therefore,  takes  the 
form 

2MBc(n+l)+McD=-2[nHBA+HBc] (38) 

for  two  adjacent  spans  at  the  left-hand  end  of  the  girder  when  the 
left-hand  end  is  hinged.     Likewise, 

nMAB+2MBC(n+l)  =  -2[nHBA+HBc] (39) 

for  two  adjacent  spans  at  the  right-hand  end  of  the  girder  when  the 
right-hand  end  is  hinged. 

17.  Girder  Continuous  over  Any  Number  of  Supports  and  Carrying 
Any  System  of  Vertical  Loads.  Supports  All  on  the  Same  Level.  Gen- 
eral Equation  of  Three  Moments— Two  Adjacent  Spans  at  One  End. 
End  of  Girder  Restrained.— -Fig.  14  represents  the  two  spans  at  the  left- 


¥-9 

Ji.K       r-     * 
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Figure  14 

hand  end  of  a  continuous  girder.  All  supports  are  on  the  same  level. 
P0  represents  the  resultant  of  the  loads  on  AB,  and  Pi  represents  the 
resultant  of  the  loads  on  BC.     The  girder  is  restrained  at  A. 

The  values  of  the  moments  depend  upon  the  restraint  of  the  point 
A,  and  therefore  the  moments  cannot  be  determined  unless  either  the 
moment  at  A  or  the  slope  of  the  elastic  curve  of  the  girder  at  A  is  known. 
If  the  moment  at  A  is  known,  equation  (37)  is  applicable.  If  the  slope 
at  A  is  known,  BA  is  a  known  quantity. 

-  ibstituting  the  value   6B  from  equation  (29)  in  equation  (30) 
gives 

2nMAB  =  QEK6A-nMBC-2nHAB (40) 

Substituting   MAn    from    equation    (40)    in    equation    (37)    gives 

MBC(±+3n)+2McD  =  2nHAB-4(nHBA+Hnc)-GEK  6A  .    (41) 

Equation  (41)  is  applicable  to  the  two  adjacent  spans  at  the  left- 
hand  end  of  a  continuous  girder  restrained  at  the  left-hand  end. 
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Fig.  lo  represents  the  two  spans  at  the  right-hand  end  of  a  con- 
tinuous girder.  All  supports  are  on  the  same  level.  P0  represents 
the  resultant  of  the  loads  on  ABy  and  Pi  represents  the  resultant  of 
the  load-  on  BC.    The  girder  is  restrained  at  ('. 

From  equation  (37 

2nAfAB+4MBc(n+l)-2AfCfl«-4(»i£r8AH-Hflc)     .     .     •    (42 
Applying  the*  equations  of  Table  1  gives 

Mbc=2EK(2$b+0c)-Cbc (43 

McB  =  2EK(20c+eli)  +  Ccn (44 

Eliminating  dB  from  equations  (43)  and  I  Li)  gives 

-2MCb=-Mbc-$EK$c-2Hcb (45 

Substituting  the  value  of  Af<  B  from  equation  I  t">>  in  equation    \2 
jjives 

2nMAB+MBC('ln+Z)=2HcB-4[nHBA+HBc]-\  SEKBc     .    I  W 

Equation  '  16)  is  applicable  to  the  two  adjacent  spans  at  the  right- 
hand  end  of  a  continuous  girder. 

18.  Girder  Continuous  over  Any  Numb  vpports  and  Carrying 
Any  System  of  Vertical  Loads.  Supports  All  on  tin  Sam  Ln<l.  General 
Equation  of  Thret  Moments  Girder  Fixed  ai  tfo  E  If  the  girder 
is  fixed  at  the  end-,  f) A  of  equation  11  and  9{  of  equation  16  equal 
zero.     Equations    11    and    W    then  take  the  form 

M      l+Zn)+2MCD=2nHAB-qnHBA+HBc]    .     ...    (47 
-'    Hab+M       ln-h3)=2HCB-4[«HBA-hHflc]    .     ...    (48 

Equation  I  17    is  applicable  to  the  two  adjacent  spans  at  the  l< 
hand  end  of  a  continuous  girder  fixed  at  the  left-hand  end.  and  equa- 
tion   18)  is  applicable  to  the  two  adjacent  -pan-  at  the  right-hand  end 
of  a  continuous  girder  fixed  at  the  right-hand  end.     Values  of  //  fot 
different  systems  of  load-  are  given  in  Tabl< 

19.  Girder  Continuous  over  Thru  Supports  and  Can  iny 
System    of    Vertical    Loads,     Supports    on    D              ;             i       ral 
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Equation  of  Three  Moments. — In  section  15,  the  equations  of  Table  1 
have  been  used  to  derive  a  general  "  Equation  of  Three  Moments." 
The  derivation  is  seen  to  be  merely  the  combination  of  four  linear 
equations  involving  slopes,  deflections,  and  moments  at  the  supports 
for  each  span  into  an  equation  involving  the  same  quantities  for  any 
two  adjacent  spans. 

P. 
i 


Figure  16 


Fig.  16  represents  two  adjacent  intermediate  spans  of  a  girder 
continuous  over  a  number  of  supports..  Some  of  the  supports  have 
settled.  The  vertical  distances  of  the  points  A,  B,  and  C  from  a  hori- 
zontal base  line  are  clA,  dB,  and  dc.  P0  represents  the  resultant  of  all 
loads  on  AB,  and  Pi  represents  the  resultant  of  all  loads  on  BC. 

The  moments  in  the  girder  may  be  considered  as  made  up  of  two 
parts,  one  part  due  to  the  loads  represented  by  P0  and  Pi  when  the 
supports  are  on  the  same  level,  and  the  other  part  due  to  the  settlement 
of  the  supports,  it  being  considered  that  the  girder  remains  in  contact 
with  all  supports. 

Applying  the  equations  of  Table  1  gives 


Mab=       -(2dA+dn-SR0)-CAli 


Mba 


n 
2EK 

n 


(2dli+dA-SR0)  +  CJiA 


Mr,  =2EK(26B+ec-dRi)-CBc 
MCB=2EK(2dc+6B-dRi)+CcB 

Mba+Mbc=Q 


(49) 

(50) 

(51) 

(52) 
(53) 


in  which  ■=  for  the  right-hand  span  equals  K  and  -=  for  the  left-hand 


span  equals 
n 


da 


From  Fig.   16  R0=^LA  and  ft-^f 

Equations  (49)  to  (53)  are  identical  with  equations  (29)  to  (33) 
of  section   15,   except  for  the  additional  terms  R0  and  7^.     Hence  the 
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method  of  solving  for  the  moments  is  the  same  as  in  section  L5, 
and  will  not  be  repeated  here  in  detail.  The  genera]  equation  of  three 
moments  for  a  continuous  girder  carrying  any  system  of  vertical  loads 
and  with  supports  on  different  levels,  together  with  some  special  Forms 
of  the  equation,  are  given  in  Table  4.* 

20.  Girder  Continuous  over  Thru  Supports  and  t  Any 
System  of  Vertical  Loads.  Supports  on  Different  Levels.  Various 
Conditions  of  Restraint  of  Ends.— Tsfole  4,  section  1*4.  gives  the  general 
equation  of  three  moments  which  is  to  be  applied  here.     Various 

of  restraint  of  the  ends  of  gird<T  and  the  effect  upon  the  quantities 
in  the  general  equation  will  be  considered.  It  is  >v^n  that  if  the  end 
of  the  girder  is  hinged,  the  resisting  moment  there  is  lero.     If  it   i- 

fixed,  the  slope  at  that  point  i-  zero.  If  the  vn<\  is  restrained,  or  par- 
tially fixed,  the  moment-  at  the  other  -upport-  can  he  found,  if  either 
the  slope  or  the  moment  at  the  end  is  known.  Modification-  of  the 
equations  of  Table  4,  for  the-.'  various  cases  of  restraint,  an-  t^iven 
in  Table  .">. 

21.  Girder  Continuous  over  Four  Supports  and  Carrying  An;/ 
System  of  Vertical  Loads.  Supports  on  Different  Levels.  Various  Con- 
ditions of  Restraint  of  Ends.    Table  4,  section   19,  gives  the  general 

equation  of  three  moment-  which  may  be  applied  hire.  The  method 
of  using  the  equation  of  three  moment-  i-  to  apply  it  successively  to 

each  pair  of  adjacent  -pan-  in  the  continuous  girder,  thus  deriving  one 
less  equation  than  the  number  of  -pan-.  If  the  condition-  of  restraint 
at  the  end.-  of  the  continuous  girder  are  known,  these  equations  may 
be  Bolved  simultaneously  for  the  unknown  moment  at  each  support. 
When  the  end  of  the  girder  is  hinged,  the  moment  there  is  iero. 

When    the   end    i.-    fixed,    the    -lope    then-    l-    /.To.       When    the   end    i-    IV- 

Btrained,  if  either  the  slope  or  the  moment  at  the  end  is  known,  the 

moment-  at  the  other  supports  may  be  found. 

The  equation-  of  Table  1  have  been  applied  to  the  girder  described 

in  this  Section,  and  the  values  of  moments  obtained  for  various 

of  restraint  of  end-  are  given  in  Table  I 


*Joonaoo,  Bryan,  Mid  Turn  uin       I 
Part  II,  i>.  19,  Ninth  I.'I    1911,  ghretbi  ■anara]  Bquatioi 

m ith  .Hup[)i>rt>  .,i,  ,h'7.  real  l< 

i,  Applied  Mechanics,  h«v«  nmiUti  •••i"  """>- 
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Table  4 
Continuous  Girders 
Equations  of  Three  Moments. 


Supports  on  Different  Levels.1 
Any  System  of  Vertical  Loads.2 


K  =  ~r  for  right-hand  span. 

K     I 

~  =  -t- for  left-hand  span. 


No. 


(a) 


(b) 


Portion  of  Girder 
Considered 


Fig.  16 
Intermediate  spans 


Fig.  17 

Two  adjacent  spans 
at  left  --hand  end. 
End  of  girder  hinged. 


(c 


(d) 


Fig.  18 

Two  adjacent  spans 
at  right-hand  end. 
End  of  girder  hinged. 


Fig.  19 

Two  adjacent  spans 
at  left  -  hand  end. 
End  of  girder  re- 
strained. 


(e) 


Fig.  20 

Two  adjacent  spans 
at  right-hand  end. 
End  of  girder  re- 
strained. 


Equations  of  Three  Moments 


nMAB+2MBc(n  +  l)+McD  =  ^¥\li(dB-dA)-- 

io'i  L 

lo  (da  -  dB)  ]  -2  \hBC  +nHBA~\ 


CPFr  -1 

2MBc{n  +  \)+McD=-jj^\lx{dB-dA)-lo{dc-dB)\ 
nHBA  +  Hbc 


-2 


nMAB+2MBc(n  +  l)=  jj-    h(dB-dA)  -10  (dc-dB)  I 
hHba+Hbc 


H  MAb  is  known 
2MBC(n  +  l)+McD  =-JJ^  [h(dB-dA)-l0(dc-dB)  J 
-2  I  Hbc  +  nHBA    -nMAB 

If  6A  is  known 

MBc^+Sn)+2McDT-iJ^[^i(dB-dA)-2l0(dc-dB)\ 

+2nHAB-i[  Hbc+uHba]  -QEK  dA 
If  the  girder  is  fixed  at  A,  dA=0 


If  Mcb  is  known 
nM ab+2M Bc(n-{-l)  =  -jj-\h  (dB-dA)  -lo(dc-dB)  \ 
-2yHBc+nHBA\+McB 

If  dc  is  known 
2nMAB+MBC(4n+S)  =  -77-    2  h{dB-dA)-3l0  (dc-dB) 
-4  [hbc+  nHBA  ]  +2HCB+6EK  dc 


If  the  girder  is  fixed  at  C,  6c  =  0 


1  If  there  1-  DO  settlement  of  supports,  lot  ;ill  values  of  d  in  those  equations  equal  zero. 
If  there  are  no  loads  on  gird'  r  except  at,  -supports,  let  all  values  of  //  in  these  equations  equal  zero. 
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Table  5 
Girder  Continuous  over  Three  Supports 


Supports  on  Different  Levels.1 
Any  System  of  Vertical  Loads.2 


K  =  — j— for  right-hand  span. 

K        T 

—  =  ——for  left-hand  span. 
n  I 


(a) 


Fig. 
21 


-a 

c  _c 

5Q  IS 

-a 


General  Case 

6ffff      r  i       2     r  ] 

mbc~2}oi1  (n-j_i)  [^i(^B-d^)— /«(dc— rffi)  J  ~^X7  I  ft#/*A  -\-Hbc  \ 
Spans  Identical  Except  for  Loads 

#  r  1     r  1 

—  [  Z(2dB-d^-dc)  J  -  [#*a  +#bc  J 


3/bc  = 


3#X 


2Z2 


(b) 


Fig. 
22 


M 

0 


0  a  and  Mc'b  known 

1      \  QEK  r 

— —    : 


General  Case 

=  ^l  \^^[Sh(dB-dA)  -2l0(dc-dR)]  +2nHAa 

-  4  (HBc+nHBA)-SEK0A  +  2McB 
dB  —  dA\     Mbc 

lo 


lf  3EK/  dB-dA\ 

vA — r~  )~~2 — Hab 


Mbc  = 


6c  and  MAb  known 


1       (QEK 


3  j  ~ij^[2l^dB~dA)-3l0(dc-dB)    J  -±{Hbc+7iHba) 


4n+3  | 
+  2HCB  +6EKdc-  2nMAB 


f 


Mcb=  ^+3ffi[fc-^?]+ff 


c/? 


0,1  and  0c  known 

1       (   6#K 
M  —  - 


«c 


n+1   j     Wi 
-2EK(dA-0c) 


h(dB—dA)—ln(dc  —  dn)      —tiCba—Cbc 


u  ?>EK\  dB-dAl      Mbc      „ 

"**-  — |/*-  "X- J — 2 — ffAB 


1  If  then  is  no  settlement  of  support*,  tet  all  values  of  d  in  these  equations  equal  zero. 

2  If  there  are  no  loads  on  girder  except  at  supports,  let  all  values  of   //  and  C  in  these  equations 
equal  zero. 

If  an  end  is  fixed,  0  i>>T  that  end  is  zero. 
If  an  end  is  hinged,  M  for  thai  end  is  zero. 


analysis  of  statically   indeterminate  structurefi  11 

Table  ."> — (  Jontcnued 


(b) 


Fig. 
22 


u 


General  Cai       l     ai  inued 

M  .\n  and  M cb  known 

l  'M •  k     r  ~\ 

Mbc=  2(n+l)    j/"i""-U-1"1  +  /..'i'i/i-HIh'1  d"~'{ '    ~^(aV- 

rill/i.\  +  //ac 

Span-  [dentical  Except  for  Loa  i 

0a  ami  .1/r/i  known 

1     i  oA/v'r  1 

.!/,„■=  —    j   -|-[3(dB-d^)  -2  -  .»//  ,/.-  -I  //  .,,■  •   // 

-i\KKoA  \-2M{ 

M  ib=SEK  |  0.4 -t — J 2~~Hab 

dc  and  M  i/;  known 

i     iiil'l'    r  "I 

U         fl"]""  I  2(da-d4  da)J  -*(Hbc+Hba    I  -*/.•' 

+6£JT0c  -2M ab  [ 

w.  ,     -:;/;A[0r-      /      J+#Ca 

04  and  0c  known 
)/r=.!    !^[2d»-iic-^]-C*4-C        -'/  N 

Mab-ZBK\6a-        t      \  ~     •_,         H 

r  dc  —da  1      aa*  a<       ,, 

M,  B      8M  "   J  +  ~2        7/ 


.1/  i//  and  Mi  §  known 


fi 
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Figure  21 


Figure  22 


Figure  23 


Figure  24 
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VI.    Two-legged  Rectangular  Bent.     Legs  oi    E91  w.   I.i.\ 

22.  Two-legged  Rectangular  Hint.  Concentrated  Horizontal  Fora 
(it  tin  Top  —  Legs  Hinged  at  the  Bases. — Fig.  25  represents  a  two-legged 
rectangular  beni  having  legs  hinged  at  the  bases.  A  single  force  P 
i-  applied  at  the  top  of  the  bent. 


/    K 

h     n 


I) 


K 


I'll, I  I 


li 


I    K 
I     I 


Applying  t  he  equal  ion-  of  Table  I 
MAB=2EK(2eA+6B)     ■     ■ 


Mad=  —(3^-3/2 

M    ,     2EK  2$B  ■ 

I'K 

MBC=  —@eB-zR 

s 

MAD  i  MBi      I''    =0 


54 
57 


In  tli.-.'  equations,  from  the  definition  «»t  resisting  moment, 
M  \n=  —  M m,  and  -  Mba*  \~Mbc>  Hena  W  and  M  .  maj  be 
considered  as  the  two  unknown  moments  to  be  found.     Elimination 

may  !»<•  doi  -How-: 
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Subtracting  equation  56  from  equation  54  gives 

MAB+MDC  =  2EK(dA-eB) (59) 

Subtracting  s  times  equation  57  from  n  times  equation  55  gives 

-?iMAB-sMBC  =  EK(3dA-SdB)         (60) 

Combining  equations  59  and  60  to  eliminate  the  quantity  (dA—dB) 


gives 


MAB(3+2?i)+MBC(S+2s)=0        .      .      . 
Combining  equation  61  with  equation  58  gives 

Ph/  3+2s 


MAn  = 


MBC=--^ 


2  V3+71  + 
Ph/  3+2n 


2  \3+ra  +  s 


(61) 


(62) 


(63) 


If  n  =  s,  that  is,  if  the  sections  of  AD  and  BC  have  the  same  moments 
of  inertia,  equations  62  and  63  take  the  form 

Ph 
2 


Mbc=-Mar  = 


(64) 


D 


/  K 


=  K 


I    K 

h     s 


FlGXTBE  26 

23.  Two-legged  Rectangular  Bent.  Concentrated  Horizontal  Force 
at  the  Top — Legs  Fixed  at  the  Bases. — Fig.  26  represents  a  two-legged 
rectangular  bent  having  legs  fixed  at  the  bases.  A  single  force  P  is 
applied  at  the  top  of  the  bent. 
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Applying  equation  (A),  Table  1, 

MAli  =  2EK  2f)A  +  dB)     ....  .... 

MAD  =  ^(2dA-3R) (66) 

MDA  =  -^dA-\\R) (67) 

MliA  =  2EKr2dn+dA) (68) 

2EK 

M,<=~-^^r2ftr-\\I!) 

MCB=^p  (0b-3#) 70 

M AD+MDA+MBc+McB+Ph=Q 71 

MAB+MAD=0 72 

Mba+Mbc=0 73 

Substituting  the  value-  of  Mab  and  Mad  from  equations  65  so  i 
in  equation  72  and  simplifying  givi 

"7T(  +n)4_  If        ' 

Substituting  the  values  of  MBa  and  Mac  from  equations  68  and 
in  equation  73  and  simplifying  g\\ 

^Vl+*)+^=3 

Substituting  the  values  for  the  moments  in  equation  71  and  sim- 
plifying gn 

ft  S  I'll  1 

li+-l:      '  -  6EK  ■  IT 

Solving  equation  7 1  for  -., 

£_  JL_2£(I±!L) ;; 

/.        n        /.    \    //     J 

a 

ibstituting  the  value  of  ~j~  from  equation  77  in  equation  7~<  j 

d_A  =      :<(2.s+'2-/n 
A  H-4n+4»+4 
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n 

Substituting  the  value  of  -£  from  equation  78  in  equation  77  and 
simplifying  gives 

0b=       3(2/1  +  2  -g)  , 

fl       3??s+4n+4s+4 V     ; 

n  a 

Substituting  the  values  of  -77-  and  -§-  from  equation  78  and  equa- 
tion  79  in  equation  76  gives 

3s(2s+2-n)     ,     3n(2n+2-s)       0/    ,    ,     nsPh      1 

—  =  2(s+n) 


3ws+4w+4s+4  '  3ws+4w+4s+4       v        y      QEK       R 

Solving  this  equation  for  -^  gives 

K 

J_      6EK     2(3ns2+llns+s2+s+3n2s  +  n2+n) 

#      wsPfc  3ns+4n+4s+4  *      '      {     } 

Substituting  the  value  of  -=5-  from  equation  80  in  equation  79  and 
solving  for  6B  gives 

0      _P/* 3ng(2n+2-s) 

B     12£X  3ns2+llns+s2+s+3n2s+n2+n     '      '      "      '      [     } 

Substituting  the  value  of  -5-  from  equation  80  in  equation  78  and 

ix 

solving  for  6A  gives 

.        _Ph 3n,s(2s+2-n) 

A   '  12£X3ns2+ll7is+s2+s+3n2s+n2+n    "      *      *      *     K    } 

Substituting  the  values  of  6B  and  6A  from  equations  81  and  82 
in  (  quation  65  gives 

M      JUL  3n*(*  +  2) 

Ali      2  Znsi+lln8+si+s+Zn28  +  n2+n  '      '      '     K    J 

Substituting  the  values  of  BR  and  BA  from  equations  81  and   82 
in  equation  08  and  substituting  —MDc  for  MnA  gives 

M     =J_!h     3ns(w+2) rs4, 

/: '  "        2      3n.s2  + 1 1  ns + .s2 + s + 3n2« + n2 + n      '      '      '     {    } 
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From  equation  67 
2EKR 


MDA  = 


[V-3] ^ 


dA 


Substituting  the  value  of  R  from  equation  80  and  of    —  from 

ti 

equation  78  gives 

__Ph  *(2*+2+5n+3n*> 

DA  2     3fW*+lln*+«*+*+3n**+n,+n      *      '      '       ^D) 


From  equation  70 


2EKR/dn 

MCB= 

o 


a 

Substituting  the   value  of  R  from   equation  SO  and  of   -5-  from 

equation  79  gives 

M  Ph  n(2n  +  2+os+Zns)  .     . 

'   CB  2  (3iM,+lln«+«t+«+3nf«+n,+n)   '      '     '      K    } 

Letting  A0  represent  2(3rw,+lliw+«t+*+3n,«+f^+w)J  the  equa- 

tion  for  the  moment-  in  the  frame  arc 

MAD  =  -^3n8(8+2) ss 

Msc  =  -^3n*(n+2) I 

M cb  -  -  ^n(2n+2+6«+3fw) 90 

.U/M  -  -^->  <2s+2+5fl+3n«) 91 

If  //  =  .<.  that  is,  if  the  section  of  AD  has  the  same  moment 
inertia  a>  the  section  of  BCt  equations  >>s  to  91  take  the  form 


*—  *-~ ?6^T 


»-"~-tSt    
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If  n  =  s  =  l,  equations  92  and  93  take  the  form 

3 


MAD  =  MBC=-j^Ph 


(94) 


MCB  =  MDA=-—  Ph 
14 


(95) 


24.     Two-legged    Rectangular    Bent.     Any    System    of    Horizontal 
Loads  on  One  Leg.     Legs  Hinged  at  the  Bases. — Fig.  27  represents  a 


A 

-* / » 

a 

i 
LK                    W< 

h     n                                   h     s 

h 

:i 2, 

B 


Figure  27 

two-legged  rectangular  bent  with  any  horizontal  load  on  the  leg  AD. 
The  legs  are  hinged  at  D  and  C.  P  represents  the  resultant  of  any 
system  of  horizontal  forces  acting  on  AD. 

If  MD  represents  the  moment  of  P  about  D, 

MAD+MBC+MD  =  0 

Applying  the  equations  of  Table  1  gives 

MAB  =  2EK(26A-\-eD) (96) 

EK 


MAn  = 


n 


(Z0A-3R)+HAD 


MBA  =  2EK(29B+dA) 

MBC=  — (30*-3fl) 
s 

MAD+MBC+MD  =  0 


(97) 

(98) 

(99) 

(100) 
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Equations  96  to  100  are  almost  identical  in  form  to  equations  54 
to  58  of  section  22.  Hence  the  solution  for  the  moments  by  eliminating 
values  of  6  and  R,  as  in  section  22,  gi\ 

u  1     MI)(2s+3)-2nHAD  , 

M**=-2  m^3  •      •    (101) 

,f                    1     MD{2n  +  Z)+2n  Had  ,inov 

MBC  = o ,     ,  Q (102 

If  n  =  s,  that  is,  if  the  sections  of  AD  and  Hi  have  the  same  moments 
of  inertia,  equations  102  and  101  take  the  form 

MBc  =  - 


2   L 


"**¥&] I,n:; 

«-- -H^-wP] 

If  n  =  s=l,  equations  103  and  104  take  the  form 

Mnc=  -  -^-\SMD+2HAI>] 105 


=  -  -^kvo+2//.,  J 

MAn=-^hMI)-2IIAIA 


106) 


If  both  legs  of  the  bent  arc  Loaded  and  it'  the  bent  and  loads 
symmetrical  about  a  vertical  renter  line 

Mm,-- Mm   =-[-^^]/'.w, ln7 

Values  of  Had  to  be  used  in  equations  101  to  107  are  given  in 
Table  2. 

25.     Two-legged    Rectangular    Bent     Any    8  H        '</<;/ 

Loads  on  Om  Leg    l.>  ,    Fixed  ai  tit*  Ba  ■        I m.  2s  repn 
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Figure  28 


legged  rectangular  bent  with  any  horizontal  load  on  the  leg  AD.  The 
legs  are  fixed  at  D  and  C.  P  represents  the  resultant  of  all  the  forces 
on  AD. 

If  MD  represents  the  moment  of  P  about  D, 

Mad+Mda+Mbc+Mcb+Md  =  0 
Applying  the  equations  of  Table  1  gives 

Mab  =  2EK(20a+0b)     • (108) 

nMAD  =  2EK(26A-3R)+nCAD (109) 

nMDA  =  2EK(dA-SR)-nCDA (110) 

MBA  =  2EK(2eD+dA) (Ill) 

sMBC  =  2EK(2dB-SR) (112) 

sMCB  =  2EK(dB-3R) (113) 

MAd+Mda+Mbc+Mcb+Md  =  0 (114) 

The  equations  108  to  114  are  similar  to  equations  65  to  73  of 
section  23.  The  method  of  solving  for  the  four  unknown  moments 
will  be  done  in  a  different  way  from  that  of  section  23.  The  equations 
will  first  be  combined  to  eliminate  6  and  R,  then  the  resulting  equations 
solved  simultaneously  for  the  moments. 

Adding  equation  112  and  two  times  equation  110  and  subtracting 

equation  109  and  two  times  equation  113  to  eliminate  6A,  6b,  and  R 

gives 

nMAn  +  *Mnc-28Mcn+2nMDA=-n(CAD+2CDA)    .    (115) 
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Adding  equation  109  and  two  times  equation  L 12  and  subtracting 
equations  110  and  111  and  two  times  equation  1 L3  gn 

-nMAB+Gs+l)MBc-28McB-nMDA=n(CAD+CDA)  (116) 

Adding  equations  108,  110  and  112.  and  subtracting  equations 
109,  111  and  113  gn 

(n+l)MAB+(*+l)MBc-8  McB+n  MDA= 

-n(CAD+CDA) (117) 

Equations  114  to  117  are  rewritten  in  Table  7.  In  this  table  the 
unknown  moments  arc  written  at  the  heads  of  the  columns  and  the 
coefficients  are  written  below. 

Table  7 
Equations  for  the  Two-legged  Rectangular  Bent  of  Fig    28 


No.  of 

Left-hand  Member 
of  Equation 

Right-hand 

Member  of 

Equation 

How  Equation  was 
( Obtained 

Equation* 

MAb 

Mac 

M<  B 

MDA 

114 

-1 

1 

1 

1 

-Md 

114 

115 

n 

8 

-2.s 

_' 

-n(CAD+2CDA 

-(Hi'..    •    112    |  2  11" 
2  113 

116 

—  u 

2s  +  1 

-2.s 

—  ii 

Cad+Cda) 

ill    |-2(112     2  113) 
110    •    109 

117 

n+1 

5  +  1 

—  8 

a 

—n(CAD-\-CDA 

ins        109    •    110 

-(111    •    112        n 

Solving  these  equations  simultaneously  and  letting 
A0  =  2(  1  L«n-h3«n,-|-3«ln+«,+«+n,+fi  I  giv< 

Mai>=-  -y[":-—  2     Md-Cda      '        6         •  '+5M  5 


Mnr  = 


lis 


' 


nc=~    -^-h  2      UD-CDA)  I  '  I  lit 

afc.B---^r(3n«+2n+5»  +  2     MD    CDA)  +  ( 


-:**-!) 


i 


i  21 i 
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MDA  =-—\s  (3ns  +  2s  +  5n  +  2)  (MD-  CDA) 
° 

+  nC^(3s2+12s+l)  ~\-CDA 

If  n  =  s  equations  118  and  121  take  the  form 

_         n   r3(MD-CDA)  /     1  3     V] 


(121) 


(122) 


MBr  = 


n   f  3(Md -CDA)    ,  „     /     1 
2   L        6n+l       ~+Caz\^+ 


+2     6n+l 


•    (123) 


MrR=    - 


(3n+l)  (MD-CDA) 
6n+l 


-C 


AD 


1 


Sn 


n-\-2     6n+l 


Mn,    =    ~ 


(3n+l)  (Md-Cjpa) 
6n+l 


~\~CAD 


1 


3n 


n+2   '  6n+l 


-C 


/>^4 


(125) 


If  both  legs  of  the  bent  are  loaded  and  if  the  bent  and  loads  are 
symmetrical  about  a  vertical  center  line 


MAB  =  Mnc=- 


n 


n+2 


C 


AD 


(126) 


Mrn=-MnA  = 


n+2 


CAD  -\-CdA 


(127) 


Values  of  Cad  and  CDA  to  be  used  in  equations  118  to  127  are  given 
in  Table  2. 

20.  Two-legged  Rectangular  Bent.  Any  System  of  Vertical  Loads 
on  the  Top — Legs  Hinged  at  the  Bases. — Fig.  29  represents  a  two-legged 
rectangular  bent  having  any  system  of  vertical  loads  on  AB.  The 
legs  are  hinged  at  I)  and  C.  P  represents  the  resultant  of  the  loads 
on  AB. 
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A 

■*—             —I-           — +■ 
P 

V 

li 
A 

/  K 

A    „ 

> 

/    K 

0 

FlGUBI   29 

Applying  the  equations  of  Table  1  gives 
MAB=2EK(2eA+6B)-CAB      ■     . 


n 


128 
L29 


MllA=-2KI<  <-20ii+eA)+CllA (130 

EK 


MBi 


(30B-3#) (131 


Mju>+MBC  =  Q 

Eliminating  value-  of  9  and  R  as  in  section  22  gives 

•>     [  '-  AIi~\~(    II A 


Mnc  = 


2  L  »+«+3 


2  [  ., 


134 


Values  of  Cbj  and  Cab  to  be  used  in  equations  133  and  134  are 
given  in  Table  2. 

27.     Two-legged  Rectangular  Bent,      l       s     em  of  l 
on  tht  Top    Lege  Fixed  at  tht  Be  I  represents  a  * 

rectangular  bent  with  any  system  of  vertical  loads  on  AB.     r 
are  fixed  .-it  C  andZ)     P  represents  the  resultant  of  all  the  loads  o 
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hi 


K 


I  K 


1  _K 


B 


Figure  30 

Applying  the  equations  of  Table  1  gives 

nMDA  =  2EK(dA-3R) (135) 

nMAB=-2EK(2dA-SR) (136) 

MAB  =  2EK(2dA+dB)-CAB (137) 

MBC=-2EK(2dB+dA)-CBA        (138) 

sMBC  =  2EK(2dB-3R)        (139) 

sMCB  =  2EK(dB-SR) (140) 

-Mab+Mbc+Mcb+Mda  =  0 (141) 

Combining  these  equations  as  indicated  in  the  table  to  eliminate 
6a,  6d,  and  R  gives  the  equations  in  Table  8. 

Solving  these  equations  simultaneously  gives 

MAr  =  ~i  CBA(10m+s2)+CAB(llns+2s2+2s+2n)  }     .  (146) 


M 


nc 


=  ~{  CBA(nns+2n2+2n+2s)+CAB(l0ns+n2)  |     .     (147) 


ANALYSIS    OF   STATICALLY    INDETERM I N'A  1  K    STRUCTURES 


61 


Table  8 
Equations  for  the  Two-legged  Rectangular   Bent  Represented  by  Fig.  30 


Xo. 
of 
Equa- 
tion 

Left 

-hand  Membe 
Equation 

r  of 

Right-hand 

Member  of 
Equation 

How  Equation  \\  at 
Obtained 

M  Mi 

Mm 

M{  B 

Mda 

142 

-1 

1 

1 

1 

n 

(141) 

143 

n 

s 

-2s 

2n 

0 

(136)  +  (139) 
+2[(135)- (140)1 

144 

—n 

2»+l 

-2.s 

—  n 

—  ('ha 

(138)4-2[(139)-  (140)] 
-[(135)+(136)1 

145 

n  +  1 

s  +  1 

— s 

n 

—  (Cab+Cba) 

(135)  +  (136)  +  (137)  +  (138) 
+  (139) -(140) 

McB=-4-{CBA(7n«-2nt-2n+*)H-CAB(8n«-n,+3n)j-     .    (148) 

MDA=j-{cBA(8n8-#+Z8)+CAB(7n8-2*-28+n)  }        .    (149) 

in  which  A0  =  2(l  L«n+3«n,H-3«1n-h«,+«+n,+n) 

F 
If  the  load  ia  symmetrical,  that  i^.  it  Cma—Cab  =  —r- >  equations  1  l<» 

to  149  take  the  form 


Mam  =  -jT-  (21tw+3«,+2«+2n) 


Mbc--tt  (21na+3w?+2fi+28) 

/•' 
Mrn=  -—  (i  -ms  -  3n« -f  n  -l. 8 ) 

MDa-zx  (lona-W+a+n)       • 


150 

(151) 

L52 
L63 


If  the  benl  is  symmetrical  about  a  vertical  center  line,   thai    ia, 
it'  //=n,  equations  L46  to  L49  take  the  form 

I 


M 


•— MMA-ral^ifi+ra]     •  """ 


*-— rWA+raWsfa  ra]]    ■  (1M 
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m^-MCba[^~^]+Cab[^+^\\  ■  (l56) 


Mda  = 


1  f 


C"^2+^\+C^2-^l\\     ■     ^ 


If  the  bent  and  the  loading  are  symmetrical  about  a  vertical  center 

F 

line,  that  is,  if  n  =  s  and  Cba  =  CAB  =  —p equations  146  to  149  take  the 

form 


Mab  =  Mbc  = 


MCB=-MnA  = 


2       _F 

(n+2)   Z 

1     /? 

n+2  J 


(158) 


(159) 


28.     Tit'o-legged    Rectangular    Bent.     External    Moment    at     One 
Corner- — Legs  Hinged  at  the  Bases. — Fig.  31  represents  a   two-legged 


^ 


D 

1 — -0 


IK 

h~  n 


f« 


/    K 


Figure  31 

rectangular  bent  having  legs  hinged  at  the  bases.     An  external  couple 
whose  moment  is  represented  by  M  is  applied  at  A. 

Applying  the  equations  of  Table  1  to  this  bent  gives  four  equations 
which  are  identical  with  the  first  four  equations  of  section  22.  Also, 
for  equilibrium  at  A, 


Mad+MAb  =  M 


(160) 
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Solving  these  five  equations  for  the  momenta  \i'\\ 


MAB=M  [l-s-    ,  _,,  ^ 


1..1 


For  equilibrium  the  horizontal  reactions  at  Cand  Dmust  be  equal 
and   opposite.    Therefore    MAd=—Mbc>    Combining  equations   160 

and  161  gives 

If  the  bent  is  symmetrical  about  a  vertical  center  line  n=«.     Equa- 

tions  161  and  162  then  reduce  to  the  form 

*—  -jf~-f(sTi) (|"1 

If  n  =  s=l 

,V,fl=  ^M (II 

MAD=-Mnc=^M (1' 

29.     two-legged  Rectangular  Bent,     External  M         I  a/  Oik    Cor- 
ner- Legi  Fixed  at  tiu   Bases.      Pig.  32  represents  a  two-legged   n 
tangular  bent  having  Legs  fixed  ;lt  the  bases.     An  external  couple  wh 
moment  is  represented  by  M  is  applied  at  .1. 

Applying  the  equations  of  Table  l  to  this  bent  gives  six  equatk 
which  are  identical  with  the  first   six  equations 
equilibrium  of  the  entire  bent . 

-Mae  YMda+Mbc+Mcb--  M 

Also, 

Mam  I  Mad*   M         ...  l<«) 

.V/M+.Vm-  =  (>  


64 


ILUNO!S   ENGINEERING   EXPERIMENT   STATION 

Solving  these  equations  for  the  moments  gives 


JL(HJls+2s'+2s+2n)+M 


Mab-        Ao 


MBC=_^L(10S+n) 


(8s-n+3) 


nM 
Mcb=~X 


(170) 
(171) 

(172) 
(173) 


M,D  =  g-(ll«s+2S*+2S+2n)    ••••••' 

inWACh=22Sn+2(,^S+^+«)+6(^+^) 

Uthe  bent  is  symmetrical  about  a  vertical  center  hue  n- 
tions  7       72   173,  and  174  then  tahe  the  form 


=  s. 


M 


AB 


Mr,  ,  ji L-l 

=  ~2l_  1+n+2     6n+lJ 


JVfBc-"2^n+2     6n+lJ 


(174) 

Equa- 

(175) 
(176) 
.     (177) 
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^-"[£r*zi] (178) 

*--tH&+CFi] (179) 

If  h  =  s=1,  equations  170,  171,  172.  17M.  and  174  take  t ho  form 
Af^-gjf (180) 

Mbc=-^M (181) 

Mcb=~M (182) 

MDA-^i (183) 

Mju>~^M (184 

30.  Two-legged  Rcctumjuhir  Hint.  Srfilcmrni  of  Foundations — 
Legs  Hinged  at  (he  Bases.—  Fig,  33  represents  a  two-legged  rectangular 
bent.  The  legs  of  the  benl  are  hinged  a1  D  and  C.  The  unstrained 
position  of  the  benl  ifi  represented  by  the  broken  line  DA'B'C     Due 

to  settlement  of  the  foundations  the  point  ("  has  moved  to  C.  The 
motion  of  C  can  I'f  considered  as  made  up  of  two  part-,  as  follows: 
first,  without  being  strained  the  bent  rotate-  about  D  until  C"  is  at 
C",  a  point  on  CZ)j  secondly,  the  bent  is  -trained  by  applying  a  force 

at  C"  acting  along  DC  which  movi        '  to  C\  that  is,  no  matter  what 

motion  of  C  relative  to  />  take-  place,  the  stress  in  the  Lent  depends 
only  upon  the  change  in  the  distance  of  C  from  D. 

The  change  in  the  distance  from  I)  to  ('  is  represented  l>y  </.  '/  is 
made  nj)  of  two  parts,  d\  due  to  the  deflection  of  .\l>,  and  '/.■  due   to 

the  deflection   of   EC. 

Apply  ing  the  equations  of  Table  l  gn  i 

Mam"-  —  3fci-31 L8fi 

n 

.W,„    _>//A  2fc+*a) 188 
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Ubc=-2EK(20b+9a) 


FK  s  ,   3EK   d 

Mbc=M(30b-3B1)+-T-T 

o 


Mab-Mbc  =  Q 


Figure  33 
Solving  these  equations  for  the  moments  gives 

d        ZEK 

Mad  =  Mdc  = 


(187) 

(188) 
(189) 


a 
Mab  =  Mbc=    — 


.      •    (190) 
DC      T  (n+s+3) 

If  the  bent  is  symmetrical  about  a  vertical  center  line  n  =  s,  and 

(191) 

h   2n+3 

If  n = 8 = 1 

,         „  3     d   WK  (192) 

Mab  =  Mbc=  -g"  YEK      •      ' 

d  in  equations  190,  191,  and  192  represents  the  increase  in   the 

distance  from  D  to  C. 


ANALYSIS   OF   STATICALLY    INDETERMINATE    STRUCTURES 


67 


31.     Two-legged   Rectangular   Bent.     Settle) 
Lege  Restrained  at  the  Bases. — Fig.  34  reprec  i  two-legged  rectan- 

gular bent.     The  legs  of  the  benl  are  restrained  at  C  and  D.     The 
unstrained  position  of  the  bent  is  rep  I  by   the   broken   line 

DA'B'i  '.     Due  to  settlement  of  the  foundations  C"  has  moved  to  C. 


l'l'.l    ! 


The  foundations,  moreover,  have  tipped  bo  that  whereas  the  tang 
to  the  neutral  axes  of  the  column-  at  the  bases  were  originally  vertical 
dow  they  arc  inclined.     The  motion  of  the  benl  can  be  considered  a? 
made  up  of  two  pari  first,  without  being  strained  the  l>-nt 

aboul  I)  until  ("  is  at  c".  a  point  on  DC.     W  the  same  time 
the  supports  roti  thai  the  tangents  to  the  neutral  ax  th3 

columnfi  at  the  bases  are  normal  to  DC.    These  motion-  produce  no 
stress  in  the  bent;  secondly,  C"  moves  to  C,  the  Bupport   I)  rol 
through  the  angli  ind  the  support  C  rotates  through  the 

that  is,  do  matter  w hat  motion  of C  relative  to  h  takes  plain*,  tin 
in  the  hctit  depends  onlj  upon  the  change  in  the  distance  pom  /> 

and  upon  the  rotat  upports  at  D  andN   relai   •  loth 

not    relative  to  DC'). 
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Applying  the  equations  of  Table  1  gives 
2EK 


MAB=- 


n 


(2eA+6»-SRi) (193) 


MAB  =  2EK(2dA+0B) (194) 

MBC=-2EK(26B+6A) (195) 


MBC  = 

2EK 

< 

s 

2EK 

MCB  = 

s 

Mr,.      = 

2EK 

(20b+0c-3#2) 


(196) 


(20c+0*-3fi2) (197) 


U-DA. 


n 


WD+dA-ZRi) 


(198) 


For  the  columns  to  be  in  equilibrium 

MDA-MAB+MBC+MCB  =  0 (199) 

Combining  these  equations  and  solving  for  the  moments  gives 


MAn  = 


2EK 


TrH  3  (6ns  +  2n  -  s)  -T-  +  (9ns  +  8n  -  s)  0C 
-(6ns  +  2n-7s-3s2)(9i)l 


(200) 


Mm:  = 


2EK 


f"  3  (6ns-n+2s)  y-  +  (6ns  -  7n  +  2s  -  3n2)  6C 
-  (9ns  -  n  +  8s)  0D1 (201) 


Mrn  = 


r3(6ns+5n  +  2s+l)y  +  (12ns  +  22n  +  4s+3+3n2)0c 


A0 


-(9ns+7w+7s+3)0Dl 


(202) 


M 


2EK 


l>A 


d 


3(6ns  +  2n  +  5s+ 1 )  -j-  +  (9ns  +  7n  +  7s +3)  0C 


-  (12ns-f4n+22s+3+3s2)  0D~\ 

in  which 

A0  =  22m  +  2  (s2 + s  +  n2  +  n)  +  6  (ra2« + s2n) 


(203) 
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If  the  bent  is  symmetrical  about  a  vertical  center  line  n  *«.     Bqua- 
tions  200,  201,  202,  and  203  then  take  the  form 


/i    n-f-2  //-f2  <»//  +  ! 


204 


MBC=EK 


6  c— 6  d     3(0c-\-0d) 


h    n+2 


r-&!>     3(gc+gDn 
n+2         6n+l 


(205) 


- « [4-  - 

h    n 


d    3(n-fl)         2/1+3 


3(0c+0/>) 


f-2)       n(w+2)  •»/?  +  ! 


(206 


Mda  =  -  EK 


If  n  =  s  =  l 


d  3(n+l)         2w  +3 
A   w(n+2)   +  n(n+2) 


(*-«-*g^]    (207 


Mim=S21-!+160c+2fol 


208 


MDc  = 


EK 


21 


21-,--2(9t- 


-16fol 


209 


42- 


11", 


-260„~| 


210 


Mda  =  — 


A'AT,.,  '/ 


21 


f260c-44fol 


211 


In  all  these  equations  0  is  measured  from  i  line  normal  to  the 
line  r/>. 

If  the  foundations  settle  without  tipping  it  Lb  more  convenient  to 
measure  0  from  a  line  normal  to  the  original  position  DC',  It  ia  then 
necessary  to  consider  the  vertical  settlement 

Proceeding  ss  before,  it'  the  tangents  to  the  neutral  bj  the 

column-    at    their    baset    remain    vertical,    if    the    bases    are 


70  ILLINOIS    ENGINEERING    EXPERIMENT    STATION 

horizontally  by  an  amount  represented  by  d,  and  if  C  settles  vertically 
by  an  amount  represented  by  d3,  it  can  be  proved  that 


MBC  =  —^ 


MAB  =  ^^h(6ns+2n-s)j-S(ns+2n+2s+s2)Y]     •      •  (212) 
-h(6ns-n+2s)j  +  3(ns+2n+2s+s2)j  1      .      .  (213) 
MCB  =  ^^r3(6ns+5n+2s  +  l)y-3(ns+5n-s+n2)jl    .  (214) 

MDA=-'^h(Qns+2n+5s+l)j  +  3(ns-n+5s+s2)^    (215) 

If  the  bent  is  symmetrical  about  a  vertical  center  line,  n  =  s.    Equa- 
tions 212,  213,  214,  and  215  then  reduce  to  the  form 

*--»[t  ^3-4  sfe] (216) 

«»=Mii+UJ' (217) 


MCB  =  EK 


,„[  d  3(n+l)      d3     _6_ "1  ,018, 

^[T^+2j~T  6^+iJ       (218) 

MDA=-EK\4*¥±£+^-S-] (219) 

L  h  n(n-\-2)      I    bn+lj 


If  n  =  s  =  l 

d       6    d; 


MAB  =  EKl~-^^\ (220) 

Mbc  =  Ek\-^+-^^~\ (221) 

Mcb  =  Ek[^-  -|  Al (222) 

M,,.  =  -/^[^+y^] (223) 
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VII.     Two-legged  Rectangi  lab  Bent.    Onk   Leg    Longeb   than 

the  Other 

32.  Two-legged  Rectangular  Bent.  One  Leg  Longer  than  the 
Other.  Concentrated  Horizontal  Load  at  Tap  of  B<  ni  Legs  Hinged  at 
the  Bases. — Fig.  35  represents  a  two-legged  rectangular  benl  having 
one  leg  longer  than  the  other.  The  legs  are  hinged  at  C  and  l>.  Let 
q  equal  the  ratio  of  the  length  AD  to  the  Length  B( '. 

The  horizontal  deflections  of  .1  and  B  are  equal  and  are  represented 

by  d.     R  u>  is  t  and  RHC  is-rtf.     If  Rad  is  represented  by  R.  Rbc—Q  R 
n  a 


p  ^ 

A 

»- 

J- — > 

•r* 

ii 

h 

JL-S, 

I  K 

h~  n 

1 

l    K 

( 

4 

I'l'.CHI. 

Applying  the  equations  of  Table  I  pvea 

MAn  =  2EK(2eA+e,t) 


Mad-— @$a-ZR        ■  •  ■  • 
n 

MBA-2BK(2$B+eA)      .  .  .  . 

/•' K 

MBC-—(ZeB-ZqR  .  .  . 

MAD+qMBc+Pk-<i      .  .  .  . 


22 1 
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Substituting  the  value  of  6B  from  equation  224  in  equation  226 
and  substituting  —  MBC  for  MBA  gives 

6A=^(MBC+2MAB) (229) 

Substituting  the  value  of  R  from  equation  225  and  the  value  of 
dB  from  equation  224  in  equation  227  and  substituting  —  MAB  for 
MAD  gives 

1 


0, 


2EK(6+3q) 


\MAB(Z-2nq)-2sMBc~\.      ■      •      •      •      .     (230) 


Equating  the  right-hand  members  of  equations  229  and  230  gives 

MBC(2  +  q+2s)+MAB(l+2nq+2q)=0 (231) 

Substituting  —MAB  for  MAD  in  equation  228  and  eliminating  MAB 
from  equations  228  and  231  gives 

2nq+2q+l  1 


M 


BC 


=  -Phl 


q(2nq+2q+l)  +  (2s+2+q), 


(232) 


MAB  = 


=  Phl 


2s+2+q 


g(2ng+2g+l)  +  (2s+2+g). 


(233) 


B 


I  K 

m 


D 


f* 


I__K 
fT  s 
q 


C      ' 


Figure  36 


33.     Two-legged  Rectangular  Bent.     One  Leg  Longer  than  the  Other. 
Concentrated  Horizontal  Load  at  Top  of  Bent — Legs  Fixed  at  the  Bases. — 
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.  36  represents  a  tw<  1  rectangular  benl  having  one  leg  longer 

than  the  other.     The  legs  are  fixe  La    <    an  I  D. 

The  horizontal  deflections  of  A  and  B  are  equal  and  are  represented 

by  d.     Rad  is-T-and  RBc  is-r  7.    It'  RAB  is  represented  by  /.'.  /•'..■    =g/2 

Applying  the  equations  of  Table  1  gr 

.V.4/,  =  2A7y(20*  +  0iO (234) 

^==^(204-3/*) 2 

3fDA==^(^-3/2        2 

?i 

MliA=2EKc20„+dA) 2  17 

2EK 
MBc=—  (20B-ZqR) (238 

o 

McB=2—(0B-*qR) - 

8 

MAD+MDA+qMBc+qMCB+Ph=Q 240 

MAB+MAD=Q 241 

Mba+MBc=0 ...  242 

Substituting  the  values  of   MAb  and    MAB  from  equations   2 
and  235  in  equation  2 1 1  gh 

2(^)<1+")+"(^)=3 

Substituting  the  values  of  AfB4  and  M ,.,    from  equations  237  and 
238  in  equal  ion  2  12  gn  1 

<SMtt>+«  :;" -•" 

Substituting  the  values  for  the  1 tents  in  equation  240  g 

/6a\  '  n  \  I     nsPh 

iii)"      1  -  ^a 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


n 

Solving  equation  243  for  —  gives 


R 


Or       3        26 a 


R      n         R 


1+n 


n 


(246) 


Substituting  the  value  of  -§-  from  equation  246  in  equation   244 

ti 


gives 

6A  _S(2s+2-nq) 


R       3ns+4n+4s+4 


(247) 


Substituting  the  value  of  —  from  equation  247  in  equation  246 


gives 

6B  _   Z{2nq+2q-s) 


R     3ns+4n+4s+4 


(248) 


ft  ft 

Substituting  the  values  of  — ^-and-^-  from  equations  247  and  248 

in  equation  245  and  solving  for  —  and  letting  A0  represent 

it 

2  (3ns2  +  4ns  +  s2  +  s  +  3nsq  +  3n2sg2  +  n2q2  -j-  nq2  +  4ns<?2) 

6EK'  A°  ^  (249) 


R         nsPh  V  3ns+4n+4s+4 

Substituting  the  value  of  -~-  from  equation  249  in  equations  247 
and  248  gives 

_  n  ,  Ph  3(2.s+2-ng) 
6a  ~  WK    A0 (250) 

e"~  Wk £ — (251) 

Substituting  the  values  of  6A  and  6B  from  equations  250  and  251 
In  equations  234  and  237  gives 

Mab=  ..Wfr+4+20 (252) 
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7.", 


Mba= ^       J  - 

Substituting  the  values  of  9a  and  R  in  equations  236  an  1  239  gives 


MnA  =  - 


McB  = 


s  PhCSsn  +  ln+y^s  +  V) 
//  I,h(%nsq+4sq+2nq+s+2rI) 


25 1 


255 


34.     Two-legged  Rectangular  Bent.     Ont  Leg  Longer  than  the  Odor. 
Any  Horizontal  Load  on    Vertical  Leg    Legs  Hinged  at  On    Bate*. — 
Fig.  37  represents  a  two-legged  bent  having  one  leg  longer  than  tin- 
other.     ]'  represents  the  resultant  of  any  system  of  horizontal  foi 
applied  to  the  Leg  AI).    The  legs  of  the  bent  arc  hinged  at  /;  and  c 


A 

/ - 

B 

i 

L-K 
I 

I  K 

h~  n 

1    K 

Q 
\ 

h 

h 

I 

FlGUBI  37 

Applying  the  equations  of  Table  I 

nMAIi=-KI\  :\»A-:\/:j-nllM 2 

Mae     2U(2Ca+J  

Mil(      -2ER  -20,,  +  dA) 

.  .1//,     EK  36  R         

The  foro  b  acting  on  the  memben  Ah  and  B(    ■■■  shown  in  I 
.1//,  represents  the  momenl  of  /'  about  h. 
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A/bc 


H 


H 


£^ 


D  X^  P-H 


C  \      H 

r 


Figure  38 


Equating  to  zero  the  moment  of  the  external  forces  and  reactions, 
about  the  point  D,  gives 

MD-MAB+MBc+H(—-h)=0 


(7-0 


(260) 


Equating  to  zero  the  moments  about  the  point  B  gives 

Mnc+H  —  =  0 

Combining  these  equations  gives 

MAB-qMBC  =  MD 

Combining  equations  256  to  259  as  follows 

—1^2(256) -3(258) -4(259)]  [2+5]  -  ^4(256)  +3(      : 

-2(259)      1+2«]|- 

(the  numerals  in  the  parentheses  are  the  equation  numbers)  gives 

MAB(2qn+2q+l)+MBc(28+2+q)  =  -22nHAD  .      .      .      .    (261) 


gives 
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Substituting  the  value  of  MIiC  from  equation  260  in  equation 

1     AfD(28+2+g)-2g*n  Had 


if      _  _i_ 

'    AR      2  7-'"+*+ 1+7+'/ 

Substituting  the  value  of  MAB  in  equation  261  gives 

u  _1_    3/;X2^+2r/+l)+2rjM  ffAP 

*    DC  2  72n+s+l+7  +  /  •       *       * 

If  n  =  s,  equations  262  and  203  take  the  form 

M  1    Mi>{2n+2  +  q)-2(fn  II  Al, 

'   AB      2         fn+n+l+q+tf  

M  J_   MdI  27/<+2r/+l)+2r//i//.w, 

'   "c         2  //i+n+l+7+/  '     •      • 

If  n  =  s=l,  equations  262  and  263  take  the  form 


262 


264 


,,  1     M„   \+q)-2(fHAD 

Mad~~2  2  +  ^  +  2/ 


Mac**  —  ^r- 


1     Mi,(l+4q)+2qHA» 


266 


267 


2  2+7+2./  

Values  of  Had  for  different   systems  of  loadings  to  be  used   in 

equations  262  to  267  are  given  in  Table  2. 


A 

-. j *- 

8 

l 

I  K 

H~  n 

1    K 

i 
A 

c 

A 

D 

[ 

m 

I    K.I    i 
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35.  Two-legged  Rectangular  Bent.  One  Leg  Longer  than  the  Other. 
Any  Horizontal  Load  on  Vertical  Leg — Legs  Fixed  at  the  Bases. — Fig.  39 
represents  a  two-legged  bent  having  legs  of  unequal  length.  P  repre- 
sents the  resultant  of  any  system  of  horizontal  forces  applied  to  the  leg 
AD.     The  legs  of  the  bent  are  fixed  at  D  and  C. 

Applying  the  equations  of  Table  1  gives 

nMAB=-2EK(2dA-ZR)-nCAr> (268) 

MAB  =  2EK(2dA+dB) (269) 

MBc=-2EK(26D+dA) (270) 

sMBC  =  2EK(2dB-SqR) (271) 

sMCB  =  2EK(6B-3qR) (272) 

nMDA  =  2EK(6A-ZR)-nCDA (273) 

The  forces  acting  on  the  members  AD  and  BC  are  shown  in  Fig.  40. 


r> 


Mk 


Mb 


H 


K 


D 


P-H 


H 


v:> 


M, 


Figure  40 


0 


MD  represents  the  moment  of  P  about  D.     Equating  to  zero  the 
moment  of  the  external  forces  and  reactions  about  the  point  D  gives 

MD-MAB+MBC-MCD+MDA+H(—-h  ) 

Also 

Mfw-MCD+H  —  =  0 
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Combining  these  equations  gives 

MDA-MAB+qMUc-qMcD=-MD (274) 

Combining    the   equations   as   indicated   gives   the   equations   of 
Table  9. 

Solving  these  equations  simultaneously  gives 

MAB  =  ^-\{MD-CDA)  s  (3s+4+2g)-CAD(6?2ns+3s2+4s+gs 

+  2q2n)l  (278) 

Mac  =  ~^\{MD-CDA)  s  (3gn+2  +  4q)  +  Cad  (Sqns-  2s  -  2qs 
-q2n)i (279) 

MCB=-£kMD-CDA)(3qns+s+4:qs+2qn+2q)+CAD(3qns-s 

-2qs+2qn+q2n-q)l  (280) 

MDA  =  -1)(Md-Cda)  s  (3ns+4n+gn+2s+2)_f-CW(3s2+ 
is(l-{-q+q2)+q2){-CDA (281) 

A0  =  2  -<jns(4+3g+4g2)  +  (s2+s)+g2(w2+n)+3(g2sn2+s2n)lfor  equa- 
tions 278  to  281  inclusive. 

If  n  =  s,  equations  278  to  281  take  the  form 

MAB  =  \  J(MD-CDA)   (3n+4+2g)-Ou>(6g2n.  +  3n  +  4  +  g  +  2g2)t 
(282) 

MBC=-£{(MD-CDA)(3qn+2+4q)  +  CAD(3qn-2-2q-q2)}(2$2) 

MCB=-^{(MD-CDA)(3qn2+n+6qn+2q)+CAD(3qn2-n  +q2n 
~q)} (284) 
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8] 


Mda=-£\(Md-Cda)  (3nH-6n+gn+2)+C,,o[3nH  1"    1  +q 

+ff)+'f]  )~Cda       (285 

A#=2n|3n,(l+g*)+n(5+3g+5g,)H-l  +  3t}  for  equations  282  to 
285  inclusive. 

If  n=«=l,  equations  282  to  285  take  the  form 

^b  =  £{(Mx>-G*)  (7+2ry)-C^(8</2+</  +  7)}    .      .      .     (286) 

Mnc=-^{(Mn-CDA)   (7q+2)+CAD(q-2-r)\  .      .      (287 

afcB=-£{(MD-CW)  ni7+l)  +  rW2?-l+r/)}      .      .       288 

Mda=  -~{(Md-Cda)   {U+q)+CAD(7+4q+5q*)\-CDA      (289) 

A0  =  G(3+(/+3r/)  for  equations  286  to  289  inclusive. 
Values  of  CAd  and  Cda  arc  given  in  Table  2. 
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I  K 


/   K 
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/     K 


!       T 


I    h.l     : 


36.     Tvxhlegged    Rectangular    Bent.    On*     Leg    I  tton 

0///M-.     .1////  System  of  Vertical  La  Top  ■  !•  ;    B  nged  ai 

if,,  /;  Rg,  ii  represents  a  two-legged  benl  having  one  legion 
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than  the  other.     P  represents  the  resultant  of  any  system  of  vertical 
loads  applied  to  AB.     The  legs  of  the  bent  are  hinged  at  C  and  D. 
Applying  the  equations  of  Table  1  gives 

?iMAB=-EK(3dA-3R) (290) 

MAB=2EK(2dA+0B)-CAB (291) 

UBC=-2EK(2dB+eA)-CBA (292) 

sMBC  =  EK(3dB-3qR) (293) 

Since  the  sum  of  the  shears  in  the  two  legs  equals  zero, 

-MAB  +  qMBC  =  0 (294) 

Combining  equations  290  to  293  as  follows 


\2+q 

L    3    J 


2(290) -3(292) -4(293) 


+ 


1+2? 


4(290)  +3(291)-2(293) 


(the  numerals  in  the  parentheses  are  the  equation  numbers)  gives 
MAB(2qn+2q+l)+MBc(28+2+q)  = 

-[CBA(2+qy+CAB(l  +  2q)] (295) 

Substituting  MBC  from  equation  295  in  equation  294  gives 

M  qCBA(2+q)  +  CAB(l+2q)  f       . 

-'ub-  —  7? ~i — i TT~i i — i \&\JO) 

2        q2n+s  +  l+q+q- 

Sub.stituting  MAB  from  equation  296  in  equation  294  gives 

2         q2n-{-s-\-l-\-q+q* 

F 

If  the  load  is  symmetrical  about  the  center  of  AB,CBA  =  CAB=  y 

and  equations  296  and  297  take  the  form 

MAU  =  -\'i^-  ,   ,  xt'L  a.  « (298) 

2       I     q'n+s+l +(/+qz 

2    I      (/1h+x-\-\  -\-q+ql 

F 
\  alues  of  Cabi  CBa,  and      are  given  in  Tables  2  and  ■'>. 
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37.  Two-legged  Rectangular  Bent.  One  Leg  Longer  than  the  Other. 
Any  System  of  Vertical  Loads  on  Top  of  Bent — Legs  Fixed  at  the  Bases. — 
Fig.  42  represents  a  two-legged  bent  having  legs  of  unequal  length. 
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I  K 


*T* 


A"5 


C      M 


Figure  42 


P  represents  the  resultant  of  any  system  of  vertical   loads  on  AB. 
The  legs  are  fixed  at  D  and  C. 

Applying  the  equations  of  Table  1  gives 


nMAB=  -2EK(2dA-3R)      . 

MAB  =  2EK(2dA+dB)-CAB 
MBC=-2EK(2dB+dA)-CBA 
sMBC  =  2EK(2dB-3qR) 
sMCB  =  2EK(dB-SqR) 
nMDA  =  2EK(6A-3R)      .      . 


(300) 
(301) 
(302) 
(303) 
(304) 
(305) 


Since  the  sum  of  the  shears  in  the  two  legs  equals  zero, 

-MAB+qMBc+qMcB+MDA  =  0  (306) 

Combining  equations  300  to  308  as  indicated    gives  the  equations 
of  Table  10. 
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Solving  these  equations  simultaneously  giv< 
MAB=-  -£-  J  CBA[2qns(3  +  2q)+.s-]  +  CAB[qns(S+8q) 

+2s*~+2s+2(fn]  I (310 

MBC=-  -£-  -j  CBA[n*($+3q)+2q'n-+2q-n  +  2s] 

+  CAB[2m(2  +  '3q)+(ffr]i- (311) 

M(B=-  -£-1  CBA[ns(±+3q)-2q2n2-2q-n+s] 

+C^j,[2iw(l+3g)-g«nJ+3g»]l (312 

MDA  =  ~£-U  '*  i[2fffw(3+«)-«f+3g«] 

+CAB[qn8(a+4q)-2#-28+tfn]l 313 

In  which  A#=2[n»(4+3g+4fl1)+fi*n(3n«+n+l)H-«(37w+«+l)] 

F 
If  the  load  is  symmetrical  about  the  center  of  -1  I>.  ('uA  =  (\\n=  -r~> 

and  equations  310  to  313  lake  the  form 

^^--T-'-f  [3g*w(3+4g)  +3a*+28+2g*n]  .     .     .     .    (314 

^bc=-4--j    [3iw(4+3g)+3tfn*+2g»»+2«]      .      .      .      315 

Mcb=--%-y   P™(2+3g)-3$W+gn(3-2g)+«]      .     . 

Afiu--j--^[35fw(3+2g)-3«1+«(3i     2)+o>]      ,     ,  317 

If  n^s  equations  310  to  313  take  the  form 

-Vw,=  - -^--l  r/M,,<i     6  YCam  Btf) 

+2+2tf]  L 
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MBC=-  -|-  -j  CBA  [w(8  +  Sq  +  2g2)  +  2  +  2g2] 

+01Bn(4+6g+g2)  I (319) 


Mcb=-  ^  -j  CW  [n(4  +  3q  -  2(f)  +  1  -  2g2] 

+C^[n(2+6g-g2)+3g]l (320) 

MDA  =  ^-\cBA  [n(-l  +  6g  +  2g2)  +  3g] 

+CAB  [n(-2+3g+4g2)-2+g2]l (321) 

in  which  A0  =  2n[3n2(l+g2)+n(5+3g+5g2)  +  (l+g2)] 

If  n  =  s  and  Cba  =  CAb=  -y-  equations  310  to  313  take  the  form 

M^-jcT  [3n(l+3g+4g2)+2+2(/2] (322) 

MBC=-  -|-  -j-    [3n(4+3g+g2)+2+2g2] (323) 

Mcb=--£-  -j-  [3n(2+3g-g2)  +  l+3g-2g2]     ....    (324) 

Mda=  X  T    [3™(-1+32+222)-2+3?+22]        •      •       •    (325) 

F 

Values  of  Cba,  Cab,  and— =- are  given  in  Tables  2  and  3. 

38.  Two-legged  Rectangular  Bent  One  Leg  Longer  than  the 
Other.  External  Moment  at  One  Corner — Legs  Hinged  at  the  Bases. — 
Fig.  43  represents  a  two-legged  rectangular  bent  having  one  leg  longer 
than  the  other.  An  external  couple  with  moment  M  is  appli3i  at  A. 
The  legs  are  hinged  at  D  and  C. 

Applying  the  equations  of  Table  1  gives 

MAB=-—@dA-SR)+M (326) 

n 

MAB  =  2EK(2dA+dD) (327) 
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Figure   13 


Mbc=-2EK(26b+0a) 

Mnc=EE{?>eH-zqR) 


MAD+qMBC=0 

M-MAB+qMac^Q 

MAB-qMBc=M 


Combining  these  equations  and  solving  for  the   momenta  gives 

m  M  2,+2  +  ,+2^  (331) 

MAB      2  cAi+s+1+a+o" 


Mad**  -r-r, 


?(l  +  2y) 


2    fl*fl  +«+  1+7  +  7" 


M — 


l-h27 


2     r//  +  .s+ 1+7  +  7 

'.     TwoAegged    Rectangular    Bent,     <>•■     Leg    !  toon    la« 

0///M-.    External  Moment  at  0  net     /.•  .     /    ■■•  ■/  <//  tin    Ba 

Fig.  11  represente  a  two-legged  rectangular  bent  having  one  leg  Ion 
than  the  other.     An  external  couple  with  m  If  is  applied    i\    I 

The  lege  are  fixed  al  < '  and  D. 
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Figure  44 

Applying  the  equations  of  Table  1  gives 
2EK 


M 


AB 


n 


(29A-SR)+M (334) 


MAB  =  2EK(26A+dB) 

Mbc=-2EK(26b+6a) 
2EK 


MBC  = 
MCB  = 
MDA  = 


s 

2EK 

s 

2EK 

n 


(2dB-SqR) 

(6B-3qR) 

(dA-SR) 


For  AD  and  BC  to  be  in  equilibrium 

MDA-MAB+qMBC+qMCB=-M 

Combining  these  equations  and  solving   for  the  moments 


MAB  =  + 


Mn 


(6s2+8.s+3gs+6g2ns+2g2n) 


MDC=-  ——  (4.s+6gs+g2n) 


Mcb=- 


Mn 


-g-(28+6q8+3q-tfn) 


(335) 
(336) 

(337) 
(338) 
(339) 

(340) 
gives 

(341) 
(342) 
(343) 
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M 

MDA  =  +  -r-  (Sqns-2s2-2s-\-4q2ns+q2n) 

M 

MAD  =  +  -r-  (3qns+8q2ns+2si+2s+2q'1n) 

&0 


344 


in  which 

A0  =  2  rns(4+35+4r/)+6-2-h.s4-^(n-fl)+3^(7^+s)  1 

40.  Two-legged  Rectangular  Bent.  One  Leg  Longer  than  Ou 
Other.  Settlement  of  Foundations — Legs  Hinged  at  the  Bases. — Fig.  r> 
represents  a  two-logged  rectangular  bent  having  one  leg  longer  than 
the  other.  Thelegsof  the  bent  are  hinged  at  Dand  C  The  unstrained 
position  of  the  bent  is  represented  by  the  broken  line  DA'B'C.      Due 

i- 


FlQ!  i 
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to  settlement  of  the  foundations  the  point  C  has  moved  to  C.  The 
motion  of  C  can  be  considered  as  made  up  of  two  parts,  as  follows: 
first,  without  being  strained  the  bent  rotates  about  D  until  C  is  at  C" ', 
a  point  on  DC;  secondly,  the  bent  is  strained  by  applying  a  force  at 
C"  which  moves  C"  to  C.  It  is  apparent  that  no  matter  what  motion 
of  C  relative  to  D  takes  place,  the  stress  in  the  bent  depends  only  upon 
the  change  in  the  distance  of  C  from  D. 

The  change  in  the  distance  from  D  to  C  is  proportional  to  d.  d  is 
made  up  of  two  parts,  d\  due  to  the  deflection  of  AD,  and  d2  due  to 
the  deflection  of  BC. 

Applying  the  equations  of  Table  1  gives 

FK 

MAB=-  —  (Z6A-dR1) (345) 

n 

MAB  =  2EK(26A+dB) (346) 

MDC=-2EK(2dB+eA) (347) 

MBC=^(3dB-SqRl+^) (348) 

For  the  columns  to  be  in  equilibrium 

MAB-qMBC  =  0 (349) 

Combining  these  equations  and  solving  for  the  moments  gives 


qd  SqEK 

h   q2n-\-s-\-\+q-\-q^ 


mab=^.,_, .Trr..  ,    (350) 


it  Qd  ?>EK  /0_1X 

MBC=\-  (351) 

h   q2n+s-\-l-\-q-\-q2 

41.  Two-legged  Rectangular  Bent.  One  Leg  Longer  than  the  Other. 
Settlement  of  Foundations — Legs  Fixed  at  the  Bases. — Fig.  46  represents 
a  two-legged  rectangular  bent  having  one  leg  longer  than  the  other. 
The  legs  of  the  bent  are  fixed  at  D  and  C.  The  unstrained  position  of 
the  ben.1  is  represented  by  the  broken  line  DA'B'C  Due  to  settlement 
of  the  foundations  the  point  C  has  moved  to  C  and  the  tangents  to  the 
elastic  curves  of  the  legs  at  their  bases,  originally  vertical,  have  been 
rotated  to  the  positions  shown.  This  motion  may  be  considered  as 
made  up  of  three  parts,  as  follows:  first,  without  being  strained  the 
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bent  rotates  about  1)  until  C  is  at  C",  a  point  on  DC;  secondly,  the  bent 
is  strained  by  applying  a  force  at  (  "  which  moi  thirdly, 

couples  are  applied  at  1)  and  C,  -till  further  straining  the  bent  bo  that 
the  tangents  to  the  elastic  curves  at  the  bases  of  the  legs  make  angles 
of  do  and  Be  respectively  with  lines  normal  to  DC.     It  is  apparent  that, 


I'k. i  i 


DO  matter  what  motion  of  C  relative  to  D  lake-   place,  th<  in  the 

bent  depend-  only  udod  the  change  in  the  distance  from  C  to  h  and 

Upon  the  angles  0,,  and 

rldn-  change  in  the  distance  from  I*  t<»  (   u  proportional  to  cL    <l  i- 
made  up  of  two  parts,  d\  due  to  the  deflection  of  ADt  and  </_•  due  to  the 

deflection  Of   B 
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Applying  the  equations  of  Table  1  gives 

MAB=-'^(2dA+dD-3R1)        (352) 

MAB  =  2EK(2dA  +  dB) (353) 

Mnc=-2EK(2dB+6A) (354) 

MBC  =  ^-(26B+dc-SR2) (355) 

MCB  =  ^^-(2dc+eB-3R2) (356) 

MDA  =  ^^(2dD-\-dA-SR1) (357) 

For  the  legs  of  the  bent  to  be  in  equilibrium 

MDA-MAB+qMBC+qMCB  =  0 (358) 

Combining  these  equations  and  solving  for  the  moments  gives 

MAB  =  ^^h^  [6qns+2qn-s]+  dc[9qns+2qn(3+q)  -  s] 

LI  0        I        At 

-On  [Sq2ns+2q2n-s(4:+3q)-3s2]  I (359) 

M"c  =  2^-)3j  [Qns-qn  +  2s]  +dc  [6ns  -  gn(3+45)  +2s-3g2n2] 
-dD[9qns-q2n+2s(l+Sq)]l  (360) 

McB=^AT'|3^  tGns+n(4+<?)+2s+1]  +  $c  [12ns  +  2n(6  +  3q 
+2r/)+4s+342n2+3]  -0„  [9qns+qn(6+q)  +  s(l  +  6g)+3g]  I 
(361) 

MDA= ^—  -j.3^    [6qns+2qn+s(l+4:q)+q]  +dc[9qns+qn  (6+q) 


+  .s(l+6ry)+3ry]-^[12r/n.9+4g2n+2s(2+3g+6g2)+3s2+3g2] 
(362) 
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in  which 

A0  =  2  [ns(4+3g+4r/)+^/i(3M5+?i-hl)+s(3n5-h.s-hl)] 

It  is  to  be  noted  that  6C  and  6D  are  measured,  not  from  the  original 
direction  of  AD  and  BC,  but  from  a  line  normal  to  All. 

If  the  tangents  to  the  elastic  curves  of  the  Legs  at  their  bafl  tin 

vertical  the  moments  can  be  expressed  in  terms  of  the  vertical  settle- 
ment of  C  relative  to  D.    The  d's  are  then  measured  from  the  original 
direction  of  A  J)  and  BC  and  equal  zero.     The  displacement  d  i>  in- 
ured in  a  horizontal  direction.     Proceeding  as  before  the  momenta  are 
found  to  be  as  follows : 

+2gn(2+G<?+92)  +  2.s-(0+9-?2)+.r(13-4<?)]j.   .      .      .      (* 

+  2gn(l+5g+3^)+2«(5+6ff-28I)+fl«nt(4+5g)ll.     .       364 
AfcB=^{¥  [*w+«(4+t)+ai+l]-  (ppg-)*    t^-(H 

+  n(8  +  IGry  +  15g»+6tf)  -« (3  +  107 -  ■!■..                       -/) 
-2(l-2j+tf)]l 

L3-4^-^(4+2g+3^+a(18+16g+2Qtf-8tf)  +      13  -4y) 
+2g(l-2g+tf)]l 
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VIII.     Two-legged    Trapezoidal    Bents.     Bents    and    Loading 
Symmetrical  about  Vertical  Center  Line 

42.  Tivo-legged  Trapezoidal  Bent.  Bent  and  Load  Symmetrical 
about  Vertical  Center  Line.  Vertical  Load  on  Top — Legs  Hinged  at 
the  Bases. — Fig.  47  represents  a  two-legged  trapezoidal  bent.     The 


Figure  47 

bent  and  the  load  are  symmetrical  about  a  vertical  center  line.  -  The 
legs  are  hinged  at  C  and  D. 

From  symmetry  dA=-  BB.  Since  the  deformation  due  to  shearing 
and  axial  stresses  may  be  neglected,  the  points  A  and  B  do  not  move, 
and  R  is  zero  for  all  members.  By  applying  the  equations  of  Table  1 
five  equations  are  obtained  which  are  identical  with  equations  128  to 
132  of  section  26;  hence  it  is  seen  that  the  moments  in  the  members  of 
this  frame  are  independent  of  the  angle  of  inclination  of  the  legs,  and 
this  is  true  of  any  trapezoidal  frame  in  which  loading  and  frame  are 
symmetrical  about  a  vertical  center  line.  The  direct  stress  does  vary 
with  the  angle  of  inclination,  and  may  be  found  from  the  equations  of 
statics  when  the  moments  are  known. 

The  moments  as  found  in  section  26  when  applied  to  this  case  in 
which  bent  and  loading  are  symmetrical  about  a  vertical  center  line  are 

ir«— j^-^Jf ;    .    (367) 


If  n=\ 

MAD=-MBC  =  44- 
5   I 


(368) 
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Values  of  j-  are  given  in  Table  3. 

43.  Two-legged  Trapezoidal  Bent.  Bent  and  Load  Symmetrical 
about  Vertical  Center  Line.  Vertical  Loud  on  Top — Legs  Fixed  at  the 
Bases. — Fig.  48  represents  a  two-legged  trapezoidal   bent.     The  bent 


— / ■» 

!! L 


i 


FlGUBB  48 

and  Loads  are  symmetrical  about  a  vertical  center  line.  The  legs  are 
fixed  at  C  and  I).  From  the  preceding  paragraph  it  is  seen  that  equa- 
tions 158  and  159  of  section  27  apply  to  this  case. 


**•— -■'""(sis) 


2    \  F_ 
I 


V     --M     -(     l     \  F 
Un  =  l 


(369) 
370 


2    F 
Mad**  -Mm  =^"7" 


371 


1    F 

Mda—  —  M  i  n  =  ~t~t~ 

F 


372 


Values  <>i'  —  for  different  loads  are  given  in  Table 

44.     Two-legged  Trapewoidal  Bent     Beni  and  I. 
abovi  Vertical  Center  I.  ru .     L         '•  nrmal  to  \.<  1       ^ 

at  th<  Bates,     l  ig.  19  represents  a  trapesoidal  bent  having  loads  normal 
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Figure  49 

to  the  sides  AD  and  BC.  The  bent  and  the  loads  are  symmetrical 
about  a  vertical  center  line.  P  represents  the  resultant  of  the  loads 
on  AD,  and  likewise  on  BC.  The  legs  are  hinged  at  D  and  C.  As  in 
sections  42  and  43  the  moments  are  independent  of  the  angle  of  inclina- 
tion of  the  legs.     Hence  equation  107  of  section  24  applies. 


MAD=  -MBC  =  --  I^-t-^V 


Uw^ 


Ifn=l 

Mad  —  -z—Had 
5 


(373) 


(374) 


Values  of  Had  are  given  in  Table  2. 


45.  Two-legged  Trapezoidal  Bent.  Bent  and  Loads  Symmetrical 
about  Vertical  Center  Line.  Loads  Normal  to  Legs  of  Bent — Legs  Fixed 
at  the  Bases. — Fig.  50  represents  a  trapezoidal  bent  with  loads  and 
members  similar  to  those  of  Fig.  49,  except  that  the  legs  are  fixed 
at  D  and  C.     Equations  126  and  127  of  section  25  apply  here. 


Figure  50 
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M a  i)  —  —  M dc  — 


n+2 


C 


AD 


375 


Ml)A=  ~M(  n=  - 


If  w  =  l 


(i» +  (""') 


AIad  —  ~~Mbc  —  "«■  CTad 


(376 


3/im  = --l/r«=-  ({rw,+r/,«) (378 

Values  of  C  arc  given  in  Table  2. 

46.     Two-legged  Trapezoidal  Bent.     Bent  and  Loads  Symmetrical 
about   Vertical  Center  Line.    External  Momenta  at    Upper  Con 
Bent-   Legs  Hinged  at  the  Bases. — Kg.  51  represents  a  two-legged  trape- 


51 

loidal  bent  having  couples  acting  at   .1  and  />'.    The  bent  and  I 
couples  are  symmetrical  about  a  vertical  center  line    The  1- 
hinged  a1  C  and  D. 

As  in  sections  12  and  \'\  because  of  the  symmetry  of  loads  and 
bent,  the  moments  are  independent  of  the  angle  of  inclination  of  the 
legs.  Equations  163  and  164  of  section  28  are  modified  to  apply 
here  by  the  algebraic  addition  of  moment-  due  to  the  two  couples. 


Mm>  = 


D    \2h+z) 


"-  (£3)  ■ 
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If  71  =  1 

Mad  -  |-M 


(381) 
(382) 


47.  Two-legged  Trapezoidal  Bent.  Bent  and  Loads  Symmetrical 
about  Vertical  Center  Line.  External  Moments  at  Upper  Corners  of 
Bent — Legs  Fixed  at  the  Bases. — Fig.  52  represents  a  two-legged  trape- 


Figure  52 

zoidal  bent  having  couples  acting  at  A  and  B.  The  bent  and  the 
couples  are  symmetrical  about  a  vertical  center  line.  The  legs  are 
fixed  at  C  and  D. 

Since  from  symmetry  of  bent  and  loading,  the  moments  are  inde- 
pendent of  the  angle  of  inclination  of  the  legs,  equations  175  to  179  of 
section  29  apply  here. 

MAD=-MBC  =  -^ (383) 

MAD=-MnA=^r (384) 

n+2 

Mda=-Mcb=-^t (385) 

If  n  =  \ 

mad=-mbc=ym (386) 

Mab=-Mda  =  \m (387) 

Mda=-Mcb  =  yM (388) 
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IX.     Rectangi  lab  Frames 

48.    Rectangular  Frame.     Horizontal  Force  at   the  Top. — Fig.   53 

represents  a  rectangular  frame  having  a  horizontal  force  P  applied  at 


1     I'.l     ! 


the  top.    The  value  of  R  for  members  AB  and  DC  is  sero,  and  U  for 

AD  equals  R  for  BC. 

Applying  equation  I A  l,  Table  1 .  gn  • 

nMDA=2EK   20D+6A-3R 

nMAB^-2EK   2eA+6D-2R         

MAB=2EK  2eA+0B) 





394 






MBC=-2EK  2Bb+0a)  ■      ■ 
M        2EK   26B+ec-ZR 
bMcd=-2EK  -lec+dn-M; 
pMcD    2EK   2$c+Bd) 
pMDA--2BK  2BD  ■ 


Considering  AB  and  DC  removed  and  equating  the  wm  <>t" 
moments  acting  a1  the  tops  and  bottoms  of  AD  and  i:<   to 

MAI,\  MDA  |  MB(  I  McB+Ph    0 
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Substituting  —  MAB  for  MAD  and  —MCd  for  MCB  gives 
-MAB+MBc-MCD+MDA=-Ph (397) 

Combining  equations  389  to  397  as  indicated  in  Table  11  gives 
equations  397  to  400  of  Table  11. 

Solving  these  equations  simultaneously  and  letting  A    represent 
the  common  denominator  gives 

A  =  22  (spn+sp+sn+np)  +2(sp2+s2p+n2p-\-p2n+s2-\-s-\-n2-\-ri) 
-\-6(sn2-\-s2n-\-p2-\-p)  and 

MAB=^f  Ss2n+5nps+2s2p+2sp2+Qns+6pn+5ps+3p2  \    (401) 

Ph  /  \ 

M B c=—   A  (  3n2s  +  5nps + 2n2p + 2np2 + 6ns + ftps  +  5pn  +  Sp2  ) 

(402) 

Mcd  =  ^  (3n2s+6nps+5ns+Qps  +  5pn+2n  +  3p  +  2rA    .    (403) 

MDA=-^f  3ns2+6nps+5ns+6pn+5ps+2s+3p+2s2  )    (404) 

If  the  frame  is  symmetrical  about  the  vertical  center  line,  that  is, 
if  AB  and  J5C,  Fig.  53,  have  the  same  section,  n  =  s,  and  equations  401 
to  404  take  the  form 

Mab=.Mbc=P^^+E (405) 


Ph   3»+l 
2         |3 


MCD=-MDA=-^^±± (406) 


in  wliich  /3  =  6n+p  +  l. 
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If  the  frame  is  symmetrical  about  the  vertical  center  line  and  if 
the  top  and  the  bottom  of  the  frame  are  alike,  that  is,  if  n  =  s  and  p  =  l, 


MAB=-MBc  = 
MCD=-MDA  = 


Ph 
4 

Ph 


(407) 
(408) 


49.     Rectangular   Frame.     Any   System   of   Horizontal   Forces   on 
One  Vertical  Side.— Fig.  54  represents  a  rectangular  frame  subjected 
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B 


Figure  54 

to  any  system  of  horizontal  forces  on  the  side  AD. 

Let  MD  represent  the  moment  of  the  external  forces  about  D. 
Applying  the  equations  of  Table  1  gives 

nMDA  =  2EK(2dD+dA-3R)-nCDA (409) 

nMAIi=-2EK(2dA+dD-3R)-nCAD (410) 

-Mad+Mbc-MCd+Mda=-Md (411) 

Six  other  equations  which  are  identical  with  equations  391  to  396 
of  section  48  may  be  written.  The  values  of  6  and  R  in  these 
nine  equations  are  identical  with  those  in  equations  389  to  397  of 
section  48,  and  hence  the  combination  of  equations  to  eliminate  these 
two  quantities  is  made  in  the  manner  indicated  in  the  last  column 
of  Table  11.     The  equations  thus  obtained  are  given  in  Table  12. 
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Table  12 

Equations  for  the  Moments  in  the  Rectanotjlab   Prams  Represented  by 

1"i<;.  54 


No.  of 

Equation 

Left-hand  Member  of  Equation 

Right-hand  Member 

of  Equation 

Mab 

M BC 

Mod 

Mda 

411 

-1 

1 

-1 

1 

-MD 

412 

n 

s 

2s+3/> 

2n+3p 

-MCad+Wda) 

413 

—  n 

2a +1 

2s+/> 

— n 

n{CAD+CDA) 

414 

n+1 

«+l 

S  +  j> 

n+p 

-h(Cad+Cda) 

+CDiin(3na+3pn-3p«+8p+6s-j 


Solving  these  equations  simultaneously  gives 

-CAon(6m+2pn+3*+17p8+2n+5a+llp+2j 

-C^n(3s2+12/;.s  +  G.s  +  10/;4-/r)  I (415) 

MBC-  -1-  J-j|fI)(3«i,+2fi1p+6np«+2np»+©fW+5pfi+6p«+; 

—  C  ADn(?>ns+2pn+~)})s  —  n  —  7p  —  4a  +  2p 

....    (416 

Mrn=  -L  JlfI>(3«n,+2f^+ftnp«+5pn+58n+6p»+2n+a 
-f-CWi  3»m  h6pH-3n+8p-3*-l) 
-Ci*n(oto-4f»+2w-7p-pB+6*+2)l        .     .     .    (417) 

^o^--j--|-JlfD(5fw+0np«+8n^+2«,+6p«-f6p      2      3 
-CWi  3*+6p«  H2i  H0p+1 

-r/(V,  :;,-■  |  :,,,,  H7a+llp+ftn«+2p!i  h2n  +  2)l         U8 

in  which 

A«22(apn+«p+an+np)+2(ap*+«lp+ti  n+^+a+i 

+6(«nl  I  t 
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If  n  =  s,  equations  415  to  418  take  the  form 

(419) 

(420) 


MCD  = 


1   \n       r  1         3  1  j-n        l"w+2        3  1      iw    3»+l  | 
(421) 


""— t-IM-t+tI+M^+t]  +Md 


3n+l 

(422) 

in  which 

a  =  n2+2p7i+2n+3p 
/3  =  6n+p+l 

If  n  =  s  and  p  =  1  equations  419  to  422  take  the  form 


M.,~ 


H^I^  +  tM-t+t]-*} 

(423) 


'--tM^-IWt-t]^ 

;     .    (424) 

(425) 

(426) 

in  which 

a  =  (n+3)  (n+1) 
0  =  2(3n+l) 
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If  n  =  s  =  p  =  l,  equations  423  to  426  take  the  form 


MAB  = 


1 


s 


oCad-\-2Cda  —  '2M  i, 


vi: 


MBc  = 


S 


*~  Cda~I~2j//) 


IN 


Mcd  =  ^}cad+2MdI 


MDA=  — g-hcAD+2CDA+2MDl 


.    (429 
.    (430) 


If  both  vertical  sides  are  loaded  and  if  the  frame  and  the  1<> 

are  symmetrical  about  a  vertical  center  line 

MAB  =  Mrir=-~\('Al>(n+2p)  +  ('lKX,>] (431 

AfCD=AfnA=-^\cAD+CDA(n+2)] (I 

50.    Rectangular  Frame.    Any  System  <>f  Vertical  /  the 

Top. — Fig.  55  represents  a  rectangular  frame  Bubjected  to  any  system 

of  vertical  forces  on  the  top  member  .1  B. 
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Applying  the  equations  of  Table  1  gives 
Mab=2EK(26a+6b)-Cab       .     .     . 

MBC=-2EK(2dB+dA)-CBA    .      .      . 
-Mab+Mda+Mbc-Mcd  =  0         .       . 


(433) 
(434) 
(435) 


Six  other  equations  which  are  identical  with  equations  389,  390, 
and  393  to  396  of  section  48  may  be  written.  Combining  these  nine 
equations  to  eliminate  6  and  R,  as  indicated  in  the  last  column  of 
Table  11,  gives  the  equations  of  Table  13. 

Table  13 

Equations  for  the  Moments  in  the  Rectangular  Frame  Represented 

by  Fig.  55 


No.  of 
Equation 

Left-hand  Member  of  Equation 

Right-hand  Member 
of  Equation 

Mab 

Mbc 

MCD 

Mda 

435 

-1 

1 

-1 

1 

0 

436 

n 

s 

2s+3p 

2n+3p 

0 

437 

—n 

2s  +  l 

2s+p 

—n 

—  Cba 

438 

n  +  1 

s+1 

s+p 

n-\-p 

—  {Cba-\-Cab) 

Solving  these  equations  simultaneously  gives 
MAb=  -  -j- }cRA(10ns+s2+12ps+Qpn+Sp2) 

+C^(llns+2s2+2s+2n+17ps+5pn+3p2-h6p) 


(439) 


MIW=-  -^  -j  CBA(nns+2n2+2n+2s+17pn+5ps+3p2+Qp) 

+  CAIl(10m+n2+12pn+(jps+Sp2)  \- (440) 


M cd  "  "T"  -s  Cba  (7ns  -  2n2  —  2n+ s  -  hpn + 4ps  -  3p) 


+  CA  n  (8ns  —  n2 + 3n  —  ?>pn + ftps -f- 3/?) 


(441) 
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MDA=  -j-  J  CBA(8tts-s2+3s-3ps+6prc+3p) 

+C^B(7?is-2s2-2s+N-5ps+4ptt-3p)l      ....    (442) 

in  which 

A=22(«pii+«p+«n+np)+2(«p»+«lp+ntp+np,+«1+«+^+n) 
+ 6  (sn1 + s2/i + p2 + p) 

If  the  load  is  symmetrical  about  the  center  of  AB,  thai  is,  if 
Cab —Cba,  equations  139  to  142  take  the  form 

nr  Cab 


^r21iw+3«8+2«+2»+29p«+llpn+6p+6yl      (443) 

MBc=-  (-j^  I"  21n*+3n,4^n+28+29pn+llp*+6p+6pl  1  (444) 

AfCD=^ri5n«-3n,+n+«-8pfi+10p«l (445) 

2lfi^=^r  15>w-3«,+*+n-8p«+10pfi  ....   (446) 

If  n=s  equations  139  to  142  take  the  form 

»--t-(c- [7+t]+0-['5""t]| ''" 

in  which  a  «n,-f-2pn+2n+3p 
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If  n  =  s  and  CAB  =  Cba 

MAB  =  MBC=-CAB2^±^~ 


a 


MDA  = 
in  which 


4HI4]+4Vt][' 


Mah  = 


bc  =  — g-    3C/M  +  2(7^ 


(451) 


3/cd  =  Md>i  =  Cab — (452) 

If  n  =  s  and  p  =  1 

"«-Tf~[v-i]+c»[T+7]^    •  •  •  <«» 


Af»r:  = 


(456) 


a=(n+l)  (n+3) 
0=2(3n+l) 
If  n=«,  p=l,  and  Cab  =  CBa 

MAB  =  MBC=-CAB       J?*3       • (457) 

(ft-fl)  (n+3)  ^  u'; 

Mc.  =  ^  =  C.B  -(ra+1)W(ra+3) (458) 

If  n  =  s  =  p  =  l 


(459) 
(460) 
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Mcd—  -Q-    Cab 


Mda—   -q-   Cba 


162 


If  n  =  s  =  p  =  l,  and  CAb  =  CBa 


MAB  =  Mnc= g-  Cab 


Mcd=Mda=    -g-   Cab 


(463) 
164) 


Values  of  Cab  and  Cba  to  be  used  in  equations  439  to   164  are 

given  in  Table  2. 

51.     Rectangular  Frame.     External    Moment  at    Upper  Corner. — 
Fig.  56  represents  a  rectangular  frame  subjected  to  an  external  moment 

M  at  the  upper  left-hand  corner. 
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For  equilibrium  at  .1 

M— Mam— Mad— Q  or 
Mam*  M—Mam 
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Likewise 

Mbc=-MBa 

Mcd=-MCb 

MDA=-MDC 

nMAB  =  -  2EK{2  dA+dD-  SR)  +Mn 

-Mab+Mda+Mbc-Mcd=  -M 


(465) 
(466) 


Equations  389  and  391  to  396  of  section  48  apply  to  this  case. 
Eliminating  values  of  0  and  R,  as  indicated  in  Table  11,  gives  the  equa- 
tions of  Table  14. 

Table  14 
Equations  for  the  Moments  in  the  Rectangular  Frame  Represented 

by  Fig.  56 


No.  of 

Left-hand  Member  of  Equation 

Right-hand  Member 

Equation 

Mab 

Mbc 

Mcd 

MDA 

of  Equation 

466 

-1 

1 

-1 

1 

-M 

467 

n 

s 

2s+3p 

2n+3p 

+Mn 

468 

—n 

2s+l 

2s+p 

— n 

—  Mn 

469 

n  +  1 

8+1 

s+p 

n-\-p 

+Mn 

Solving  these  equations  simultaneously  gives 

MAB=  -  —  hlns+2s2+2s+2n+17ps+5pn+6p+3p2l+M  (470) 


Ml 
MBc= -J 

M 


—<  n2-\-  10ns + 12pn-\-6ps-\-3p2 


Mcd  =  +  -£-•]  3p-n2-3pn+8ns+6ps+Sn  I      .      .      .      . 
J  —  7ns+2s2-\-5ps  —  4pn-\- 2s+3p  —  n  v 
D  =  +  ^  -j  \lns+2s2+2s+2n+17ps+5pn+Gp+3p2 1   . 


MnA  =  - 


Mau  = 


(471) 
(472) 
(473) 
(474) 
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in  which 

&=22(pn8+*p+m+np)+2(rf+fy+n*p+rfn+*+8+n?+n) 
+6(«n*+a*n+p,+p) 

If  ?i  =  s,  equations  470  to  474  take  the  form 
^a=T^l+— ^-yj- (475) 

_  M   >//(// +2/;)      6n+p| 
afBC"Ti a j5~f         (4?6) 

^•-TlT  +  Tf      (477) 


*-Tn£-ft (478) 

^.Jr^.afidM^. (4W 


in  which 


a  =  »*-|-2pfl  -\-2n  +3p 

If  n=«  and  p=l,  equations  L75  to  179  take  the  form 

if  M    lu        w(/t-f2)  1      |  M 

w  M   1,  n(n+2  1      {  .    , 

-"•"'= +  T-!1-  (,+i)(W+«)  +^+2r (lsl 

"(      T  2    |(n+l)(n+3)        8n+2| 
'  "     r  2      (n+l)(n+3)  r  6n+2| 
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M  (  n  1      ) 

If  ?i  =  s  =  p  =  l,  equations  480  to  484  take  the  form 

MAB=  +  -^-M (485) 

MAD=  +  -^M (486) 

M 
MBC=--£ (487) 

M 
iWcz>=+-g- (488) 

MDA  =  0 (489) 

If  there  is  a  couple  at  B  as  well  as  at  A  and  if  the  frame  and  loading 
are  symmetrical  about  a  vertical  center  line,  that  is,  if  the  couples  are 
equal  in  magnitude  and  opposite  in  sense,  and  if  n  =  s 

MAB=-MBA=^(n+2p) .   .      .    (490) 

M 
MAD=-MBC= (2n+3p) (491) 

Mcd  =  Mda=— (492) 

a 
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X.    Moments  in  Frames  Composed  of  a  Large  Number  oi 
Rectangles  as  a  Skeleton-*  Jonstri  ction  Building  Frame 

52.     Effect  of  Restraint  at  On<  End  of  a  M>mber  upon  Mm,,,  tit  at 
Other  End. — Fig.  57  represents  any  member  in  flexure.     The  end  A  is 


Figure  57 

acted  upon  by  a  couple  Mab  such  that  the  tangent  to  the  elastic  curve 
at  A  makes  an  angle  6A  with  AB.  The  magnitude  of  the  moment  Mab 
depends  not  only  upon  the  magnitude  of  6A,  the  moment  of  inertia  of 
the  section  and  the  length  of  AB,  but  also  upon  the  degree  of  restraint 
at  B.     This  is  illustrated  by  the  following  special  problems. 

Consider  that  AB  is  hinged  at  11.  Applying  equation  (C)  of  Table 
1  with  R  and  Hab  equal  to  zero  gives 

MAli  =  3EKdA (493 

Consider  that  AB  is  fixed  at  />'.    Applying  equation  (A)  of  Table 

1  with  6n,  /»',  and  Cab  equal  to  zero  gi\ 

MAn  =  4EKdA (I'M 

Consider  that  6A=  —  6n.  Applying  equatioo  (A)  of  Table  1  with 
22  and  Cab  equal  to  zero  and  with  0A  =  —  6n  gives 

MAb=2EK6a < 


ii«,i  i 
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Fig.  58  represents  a  member  AB  having  any  degree  of  restraint 
at  B  and  restrained  at  A  by  the  members  AC,  AD,  and  AE.  P  repre- 
sents any  system  of  loads.  -AC  is  hinged  at  C,  AD  is  fixed  at  D,  and 
the  restraint  at  E  is  such  that  6E=  —  6a-  The  moment  at  A  in  the 
member  A B  is  taken  as  a  measure  of  the  restraint  at  A.  Since  A  is 
in  equilibrium,  MAB+MAc+MAD+MAE  =  0.  That  is,  the  moment 
MAb  balances  the  three  moments  MAc,  MAd,  and  MAE.  The  moments 
Mac,  Mad,  and  MAe  are  therefore  measures  of  the  restraints  which 
the  members  AC,  AD,  and  AE  exert  on  the  member  A B  at  A.  From 
equations  493,  494,  and  495 

MAc  =  3EKac  6a 
Mad  =  4EKad  6a 
MAE  =  2EKAE  Oa 


These  equations  have  the  general  form 
M  =  EK0N 


(496; 


in  which  N  depends  upon  the  restraints  at  C,  D,  and  E,  and  might  be 
termed  a  '  'restraint  factor ; ' '  that  is,  the  restraint  which  a  member  can 
exert  upon  a  joint  at  one  end  equals  EK  6  times  a  factor  N  whose  value 
depends  upon  the  degree  of  restraint  at  the  other  end  of  the  member. 
As  derived,  if  the  far  end  is  hinged,  N  =  S;  if  the  far  end  is  fixed,  iV  =  4; 
and  if  the  angular  rotation  at  the  two  ends  is  equal  in  magnitude  but 
opposite  in  sense  N  =  2.  In  general,  N  depends  upon  the  restraints 
at  C,  D,  and  E. 

qC 


D      TK>» 
o 


7=/C 


r=Kt 


u. 


o 


.\L, 


£0 
Figure  59 


In  Fig.  59,  B  is  restrained  by  the  couple  MAb  and  C,  D,  and  E 
are  hinged. 
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For  equilibrium 

From  equation  (A),  Table  1 
MAn  =  2EKAB(2dA+dB)  .      . 
UltA  =  2EKAB(20n+eA)   .      . 


(497) 

198 

L99 


Substituting  the  value-  of  M  u  ■  MAD)  ami  M  w,  from  equation  L93 
and  the  value  of  Af^a  from  equation  198  in  equation  197  giv 


0A=  —  6n 


-A'  w; 


IKab+ZKac+ZKad+SKab 


500 


Substituting  the  value  of  #,i  from  equation  500  in  equation  499 


gives 


Mb  a  =  EKab  6n 


4('AKAli+ZKAc  +  -lKA„  +  :\KA ,  I 
4A\wi+:*A\w+:*A\Wi  +  :*A\l 


?■ 


(501) 


If  C,  A>,  and  A  of  Fig.  59  are  fixed,  the  value-  of  M  ».  .  Mad,  and 
Af^*  of  equation  497  are  given  by  equation  194.  Proceeding  as  before 
givi 

1  ZKab  ■  \KAi   I  \Kad  V*Kai 


Mba  —  EKab  Gn 


\KAll-\  IA  i(    ■   [Kad+4Kam 
QC 


=K> 


D 
Ch- 


it Q 


o 


' 


I  1  • .  I 
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The  frame  represented  by  Fig.  60  is  symmetrical  about  its  vertical 
center  line  and  is  symmetrically  loaded.     9A  therefore   equals   —  9B. 

For  the  extremities  of  the  members  C,  D,  G,  and  H  hinged,  MAC 
and  Mad  are  given  by  equation  493.  M Ab  is  given  by  equation  495. 
From  equation  (A),  Table  1 

MAE  =  2EKAE(2dA+eE) (503) 

MEA  =  2EKAE(2dE+dA) (504) 

Substituting  the  values  of  MAB,  MAC,  MAd,  and  MAe  in  equation 
497,  solving  for  6A,  and  substituting  the  value  of  6A  in  equation  504  gives 


_.         _„       .    f  ±(2KAb+SKac+3Kad+3Kae) 

JlEA=ti-&AE   VE 


2Kab+3KAc+3Kad+4:Kae 

If  C  and  D  are  fixed 

±(2Kab+4J£ac+4Kad+SKA]S) 


(505) 


MEA  =  EKAE6E 


2KAB  +  4;KAC  +  4;KAD+±KAE 


(506) 


Equations  501,  502,  505,  and  506  have  the  form  M  =  EK  6  N  in 
which  N  corresponds  to  the  quantity  in  the  brackets. 

It  is  to  be  noted  that  for  the  values  of  N  in  equations  501,  502, 
505,  and  506  the  coefficient  of  K  for  the  member  in  which  the  stress  is 
to  be  determined  is  always  3  in  the  numerator  and  4  in  the  denominator. 
For  the  members,  furthermore,  which  restrain  the  member  in  which 
the  moment  is  to  be  determined:  if  hinged  at  the  far  end  the  coefficient 
of  K  is  3;  if  fixed  at  the  far  end  the  coefficient  of  K  is  4;  and  if  the 
rotations  of  the  two  ends  are  equal  in  magnitude  but  opposite  in  sense 
the  coefficient  of  the  K  is  2.  These  coefficients  correspond  to  the 
coefficients  of  EK  6A  in  the  expressions  for  the  moments  MAc,  MAd, 
and  Mae  of  Fig.  57. 

53.  Moment  in  a  Frame  Composed  of  a  Number  of  Rectangles 
Due  to  Vertical  Loads. — Fig.  61  represents  a  portion  of  a  frame  com- 
posed of  a  large  number  of  rectangles.  The  portion  considered  is  taken 
from  the  center  of  a  frame  symmetrical  about  a  vertical  line.  The 
member  AB  carries  any  system  of  vertical  loads  symmetrical  about 
the  center  line  of  AB.  Under  these  conditions  there  is  no  horizontal 
deflection  of  the  frame. 

For  equilibrium  at  A, 

MAI:jtMad+Mai+MAj1=0 (507) 
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O  t  \f 


I    K 


r*,« 


i  r* 
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F 
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From  equation  196,  -<  ction  52 

Mad  -  EKad  0.i  A  ad 

J/,     U      '', -Vw. 

3/aJ3  =  A  A  w/   ^.i  A  AH 


506 

(510 


Substituting  the  values  of  .W  ,,..  MAit  and  .V.w,  from  equations  5 
509.  and  510  in  equation  507  givi 


Mab  —  —  ^ 


A. i/.  .V.w  :  A  ,/  -Vw  •  A  i 


//  A  ah 


(511) 


Since  the  frame  is  33  mmetrical  aboui  a  vertical  oe  iter  line,  9a  ■ 
From  equation    ( '    of  Table  1 


Mae     2EE  -  y      • 


512 


piimm^t.ing  0 ,  from  equations  51 1  and  512 

F     Ji  J\  M>  X  M,  +  KAl  X  M  +  K  AH   XaII 1 

•W'""       /     [KADNAD+KAlNAt+X  i+2Ka*\ 
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The  stress  in  the  frame  apparently  depends  upon  the  values  of  the 
N's  in  equation  513;  that  is,  the  stress  depends  upon  the  degrees  of 
restraint  of  the  extremities  of  the  members,  0,  N,  L,  K,  J,  etc. 

Although  the  degrees  of  restraint  at  these  extremities  are  not  known, 
it  is  known  that  the  degree  of  restraint  at  each  extremity  is  greater 
than  if  the  extremity  is  hinged  and  less  than  if  the  extremity  is  fixed. 
If  then  the  stresses  are  determined  with  the  extremities  hinged  and 
again  with  the  extremities  fixed,  although  the  true  stresses  will  not  be 
determined,  they  will  be  fixed  between  two  limits. 

54.  Extremities  of  Members  Hinged. — If  the  members  are  hinged 
at  0,  N,  L,  K,  and  J: 

From  equation  505,  section  52, 

4(2KDc+SKDj+SKDK+ZKAn)  ,      . 

*AD       2KDC  +  r6KDj+ZKDK+±KAD  {      } 

at     —  ^  (^KHG  ~f~  3KHn + 3KH  o  -f-  3KA  ii  )  (^i^ 

Aah~~~  2KHG+dKHN+SKHQ+4KAH  l010J 

From  equation  501,  section  52, 

N         4(ZKAI+SKIK+3KIL+ZKIN)  (      . 

1Sai      ±Kai+3Kjk+3Kil+3Kin lD1D; 

The  restraint  factor,  N,  in  each  of  these  equations  has  a  value 
between  3  and  4. 

Substituting  the  values  of  the  Ar's  from  equations  514,  515,  and 
510  in  equation  513  gives  the  value  of  MAb. 

The  expression  for  MAB  in  equation  513  is  made  up  of  three  quan- 
tities, the  three  moments  resisted  by  AD,  AI,  and  AH.  These  moments 
are  as  follows: 


**  F 

MAD=  — 


MAI=  i 


MAII  = 


KApN Ap I  ^17^ 

KadNaj>+KaiNa,+KahNah+2KAb\     '      '      '    K      J 

KAINA1     

KADNAD+KAINAI+KAHNAH+2. 

KauNah 


.      .      .    (518) 
.      .    (519) 


K a i,N A DJrKAINAi-\-KAHNAj[-\-2KA B  J 
The  values  of  the  N'e  are  given  in  equations  514,  515,  and  516 
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From  the  conditions  for  equilibrium  at  1)  and  from  the  relation 
between  Mda  and  Mad  it  can  be  proved  that 


Mda  = 


Mm,  [ZKdk  -\-SKdj  -\-2Kdc 


2     \ZKDK+SKDj+2Kl 


c+3Kad\ 


also 


u        MA,  [ZKik+ZKin+ZKil 

Mia  —  — ry 


and 


ZKIK  -  I;/:..  .  WKtL+SKA,^ 
Mah  [3Khk  -r;)A//o  +  2A//f; 


521 1 


521 


\f  —  XI'    f^^Z/N  "TO  A// p-f  ^  A// g 1  ,. 

'    "A~     2    \ZKhn+ZKho+2Khg+ZKah\ 

Mdj  is  made  up  of  the  three  momenta  M,,K.  Mdj,  and   .1/ 
These  momenta  ate  aa  folio1 


AK 


DK 


/,K--f-3A'/,.,+2A'm.d  3KA 


-. 


Afio  = 


Mm,  r 3^7 "I 

2      L:;A'"*+:;A'"'  t  -A'/"   r-3/C^Dj 


52  1 1 


u  -Vt"  r 2AV ] 

2     [3/rM+3/^+2/i:Dc+3tfAOJ 


Iii  a  Bimilar  manner  Mia  can  be  divided  into  .1//K.  U.    .  and  U    . 
and  Mn A  can  be  divided  into  .1///N .  .1///,,.  and  Mho- 

I  If  the  members  are  fixe d 

0,  A".  /..  A.  and  ./: 


From  equation  50( 

li2AVHA'„,/-| 
2A  ;A'iu+4A'ilK-4  "»A 


I  A',,..   •   I  A',,.,  •  :\h 
K„*  -   \KH<>  •  I A 
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From  equation  502,  section  52, 

Ar         3KAI+4KIK+4KiL+4KIN  .COON 

Nai~    kai+kik+kil+kin (528) 

Substituting  the  values  of  the  N's  in  equation  513  gives  the  value 
of  Mab. 

Equations  517,  518,  and  519  are  applicable.  By  substituting  the 
values  of  the  N's,  given  in  equations  526,  527,  and  528,  MAd,  Mai, 
and  Mah  can  be  determined. 

Proceeding  as  in  the  case  where  the  extremities  of  the  members 
are  hinged  it  can  be  proved  that 


MDA  = 


MTA  = 


MlfA  = 


MAD 


MAI 


•  4KDK+4KDJ+2KDC 
±KDK+±KDj+2KDC+ZKAD 

4KIK+4KIN+4KIL 


(529) 


m4KIK+4KIN+±KIL+ZKA 
MAH  r4KHN+4KHO+2KHO 


;] (530) 


4KHN+4KHO+2KHG+SK 


....    (531) 

All  J 


MDA  is  made  up  of  three  parts,  one  part  corresponding  to  each  of 
the  moments  MDK,  MDJ,  and  MDC.  These  latter  moments  are  propor- 
tional respectively  to  the  parts  of  the  numerator  of  equation  529: 
4KDK,  4KDJ,  and  2KDC.  Similarly,  MIK,  MIL,  and  MIN  can  be  deter- 
mined from  MIA;  and  MHN,  MHO,  and  MHG  can  be  determined  from 
MHA. 

To  determine  the  effect  of  the  degree  of  restraint  of  the  extremities 
0,  N,  L,  K,  and  J  upon  the  moments  in  the  frame,  and  also  to  deter- 
mine the  effect  of  the  magnitude  of  the  K's  upon  the  moments  in  the 
frame,  moments  have  been  determined  for  frames  having  fixed  and 
hinged  extremities,  for  frames  having  all  K's  equal,  and  for  frames 
for  which  the  K's  of  the  columns  equal  ten  times  the  K's  for  the  girders- 
The  values  of  the  M's  are  given  in  Table  15. 

From  Table  15,  it  is  apparent  that  only  members  directly  connected 
to  the  member  carrying  the  load  are  subjected  to  moments  sufficiently 
large  to  be  considered  in  the  design  of  the  structure.  Furthermore, 
the  moments  in  the  members  adjacent  to  the  member   carrying  the 
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load  an-  practically  independent  of  the  degree  of  restraint  at  the  extrem- 
ities 0,  .V.  L.  K. ./.  etc.     Therefore,  the  momenta  in  the  Era  61, 
due  to  the  load  on  AI>.  are  given  with  sufficienl  accuracy  for  purpo 
of  design  by  equations  513,  517,  518,  519,  520,  521,  and  522,  based  iij 

the  assumption  that   the  extremities  (),  A".  /,.   Kt  ./,  etc.,  an-  hinged. 
The  equations   based  upon  the  assumption  that   the  extremitu 

fixed  give  almost  exactly  the  same  re-ult<  and  could  also  be  U8i 

'I   LBLE    1.") 

MOMENTS  i\  I'iiwn:  Represented  bt  Fib.  61 

Moments  arc  expressed  in  terms  of   — 


Extremities 

of  Memh 

Extremities  of  Men 

Hinged  at  0,  .N 

.  L,  A'.  ;tml  J 

ced  at  0,  A 

,  L,  A'.  :m<l  ./ 

Moment 

K  'a  of  ( lolumna 

All  K'a  EquaJ 

Equal  10  Times 
K  a  of  ( rirdt 

All  K't\  Equal 

A  'a  of  1 

M  \H 

-.845 

-.072 

-.849 

-.'• 

Mad 

+  .281 

+  .462 

+  .282 

+  .462 

Man 

+ .  28 1 

+  .462 

+  .282 

+  .  1 

Mam 

+  .283 

+  .048 

+  .285 

+  .0 

Mda 

+ .  1 02 

+  .125 

+  .108 

+  .140 

Mba 

+  .102 

+ .  1 25 

+  .108 

+  .1  in 

Mia 

+  .106 

+  .1 

+  .11  1 

+  .0 

M l,K 

-.< 

-.011 

-.0 

-.012 

Mdj 

-.038 

-.11)7 

-.( 

-.122 

M DC 

-.0 

-.0 

-.1 

-  0 

Man 

-.( 

-.011 

-   0 

-.012 

Mao 

-.0 

-.017 

-.0 

-.122 

Mho 

-.0 

-.007 

-.022 

-  I 

Mie 

-  0 

-.011 

-   1 

-  oil 

■U/.v 

-.035 

-.011 

- 

-.oil 

Mil 

-.0 

-.(Mil 

-.0 

56.     Distribution    1  is  for  Maximum   M 

Of    <i    Lai 

load  on  AB  produces  a  moment  Mki>  hav*m<r  the  same 

That  being  the  case,  ■  load  on  (!F  produces  a  moment  M  is  ol  tin-  at 

sign  as  the  Mab  produced  by  the  load  on  AB;  tha  LB  and  1 

are  loaded  simultaneously  the  moment  at  .1  in  .1  I 

either  AB  or  OF  is  loaded  alone.     Reasoning  in  a  similar  na 

members  can  be  selected  which,  if  loaded,  produce  a  mo 
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the  member  AB  having  the  same  sign  as  the  moment  at  the  same 
point  due  to  a  load  on  AB.  If  all  these  members  are  loaded  simulta- 
neously, the  moment  at  A  in  the  member  A B  is  a  maximum. 
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Figure  62 


Fig.  62  represents  a  frame  made  up  of  similar  rectangles.  All 
girders  are  equally  loaded.  The  moments  MAB  and  MAD,  due  to  these 
loads,  as  determined  by  the  equations  of  section  53  are  given  in  Table  16. 
For  the  frame  of  Table  16  the  K's  of  all  members  are  equal.  The 
moments  in  similar  frames  for  which  the  K's  of  all  columns  are  equal 
and  the  K's  of  all  girders  are  equal,  but  for  which  the  K's  of  the  columns 
do  not  equal  the  K  ;s  of  the  girders,  have  been  determined.  The  relation 
between  the  maximum  moments  which  it  is  possible  to  obtain  in  the 
girders,  and  the  ratio  of  the  K's  of  the  columns  to  the  K's  of  the  girders, 
is  presented  graphically  in  Fig.  63.  Similar  data  for  the  moment  in 
the  columns  are  given  in  Fig.  64. 

Fig.  65  represents  the  loading  which  produces  a  maximum  moment 
at  A  in  the  girder.  Fig.  66  represents  the  loading  which  produces  a 
maximum  moment  at  A  in  the  column. 
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■' 


zzz 


Figure  65 

It  is  to  be  noted  that  for  the  frames  of  sections  52,  53,  and  56  the 
horizontal  deflection  of  one  story  of  the  frame  relative  to  the  other 
stories  does  not  enter.  If  either  the  frame  or  the  load  is  unsymmetrical 
there  is  a  slight  horizontal  deflection.  For  the  usual  proportions  of 
frames  of  engineering  structures,  the  effect  of  this  horizontal  deflection 
is  slightly  to  reduce  the  moments. 


57.  Eccentric  Load  at  Top  of  Exterior  Column  of  a  Frame.  Con- 
nections of  Girders  to  Columns  Hinged. — Fig.  67  represents  a  frame  with 
eccentric  loads  at  the  tops  of  the  exterior  columns.  The  frame  and  the 
loading  arc  symmetrical  about  the  vertical  center  line  of  the  frame. 
The  connections  of  the  girders  to  the  columns  are  frictionless  hinges 
The  columns  are  continuous. 

The  moment  in  the  column  depends  upon  the  restraint  at  1.  The 
degree  of  restraint  at  1  is  known  to  be  between  the  restraint  of  a  column 
hinged  at  1  and  a  column  fixed  at  1.     If,  therefore,  the  moment  is  deter- 
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Table  16 

Moments  in  Frame  Represented  by  Fig.  62 

A"s  of  All  Members  Equal 


Moment 

M. 

AB 

M 

AD 

Produced 
by 

Hinged 

Fixed 

Hinged 

Fixed 

IJ'2 

0 

+  .019 

WS 

+  .035 

+  .038 

+  .035 

+  .038 

wu 

0 

+  .022 

W12 

+  .038 

+  .043 

-.102 

-.108 

WIS 

-.283 

-.285 

-.281 

-  .  282 

wu 

+  .038 

+  .043 

+  .038 

+  .043 

W21 

0 

-.022 

W22 

-.026 

-.022 

+  .102 

+  .108 

W2Z 

-.845 

-.849 

+  .281 

+  .282 

W24: 

-.026 

-.022 

-.038 

-.043 

W32 

0 

-.022 

0 

-.019 

ir33 

+  .106 

+  .114 

-.035 

-.038 

W34 

0 

-.022 

FT43 

0 

-.019 

Total 

-.963 

-1.003 

0 

0 

Maximum 

-1.180 

-1.241 

±.456 

+  .512 

■  en  in  table  produce  only  very  small  moments. 

mined  for  a  column  hinged  at  1  and  for  a  column  fixed  at  1  the  true 
momenl   will  be  located  between  two  limits. 

Consider  the  column  to  be  hinged  at  1 

Mu  =  0 (532) 

Mn=ZEKiBi (533) 
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From  equation  501,  section  £ 

"«=^KSSS:) 

.V    =2EKt{2Bi+e%) 0 


Prom   ('(illation-   53 1    and   535 

X  K   |  :;a 

O  I/.  A       "| 


'Brai  I !V;: 


Mi,-r< 5 

From  ((inatioii-  537  and  538 
TV     NtKt+4Kt 

Eliminating  0j  from  equations  535  and  536  ui 

MU=-GEK  \P( 540) 

Substituting  the  value  of  0<  from  equation 

^■TA  a  +37T, M1 

Afn--Af« 

From  i  he  equations  of  Table  i 

M       2EK    2M  

.U       2AA    J"    •  
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Eliminating  63  gives 

2M^-M32  =  QEK2d2 (545) 

From  equations  533,  545,  and  542,  and  since  M2\  =  —M23 

M»=-2tf^)M"        •     '     •     •    (546) 

If,  therefore,  the  column  is  hinged  at  1 

Mu=Pe (538) 

Pe  r      N*K* 


Mu=-M: 


Fe  r 

2  L 


7V2A2+3A; 


(541) 


Af  2i  =  -  M23  =  _^_  K>)  M34         (54G) 

If  the  column  is  fixed  at  1,  letting  N\  represent  4  — -p — ,  '      " 

4  A  i+4X2 

Mi3  =  Pe .    (547) 

Mu=-M32=—  N,2K2+SK^  (548) 

Mn=-Mu=    4k*wk     Mu (549) 

From  a  comparison  of  equations  538,  541,  and  546  with  547,  548, 
and  549  it  is  apparent  that  the  restraint  at  1  does  not  materially  affect 
the  moments  at  2  and  3.  For  purposes  of  design  the  moments  as  given 
by  either  equations  538,  541,  and  546  or  by  equations  547,  548,  and 
549  are  satisfactory.  Moreover  the  average  of  the  moments  obtained 
by  538,  541,  and  546,  and  547,  548,  and  549  approximate  very  closely 
the  true  moments. 

If  the  K'b  are  all  equal,  a  condition  often  approximated  in  practice: 
Far  column  hinged  at  1 

M*z  =  Pe (550) 
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MM=-J/„=^-Pe=0.266P6 551 

Jlf  21  =  - -V03  =  -jVPc  =  0.0G7Pe 

10 

For  column  fixed  at  1 

Mu=Pe 

M3i=-M,2=  ^.Pe=0.269P< 554 

J/2I=-J/.,3=-JrPc  =  0.077Pe v 

It  is  to  be  noted  that  the  frame  considered  is  symmetrical  about  ■ 
vertical  center  line  and  is  symmetrically  loaded  If  there  is  a  load  on 
the  right-hand  column  only,  the  moments  in  that  column  will  be 
slightly  smaller  than  the  moments  given  by  the  equation,  and  the 
other  columns  will  be  subjected  to  a  small  moment.  The  error  in  the 
moment  in  the  loaded  column  and  the  neglected  moment  in  the  other 
columns  increase  as  the  ratio  of  the  stiffness  of  the  loaded  column  to 
the  combined  stiffness  of  the  other  columns  increase.  Although  they 
have  not  hern  able  to  establish  this  statement  mathematically,  it  i- 
the  opinion  of  the  writers  thai  if  the  equations  of  thi<  section 
applied  to  a  frame  that  is  either  iinsymmetrica]  <>r  unsymmetrically 
loaded,  the  error  due  to  the  horizontal  deflection  of  the  frame  i-  negligible 
for  purposes  of  design. 

58.     Eccentric  Load  ai  Top  0/  Exterior  Column  of  a  Frame,    I 
tuitions  of  Girders  to  Columns  Rigid.     Fig.  68  repn  frame  with 

eccentric  loads  ai  the  tope  of  the  exterior  columns.  The  tram.-  and  the 
loading  are  symmetrica]  about  the  vertical  center  line  of  the  frame. 
The  connection-  of  the  girders  to  the  columns  are  rigid. 

An  exact  determination  of  the  momenta  in  the  frame  is  |  d\y 

impossible.     Prom  previous  similar  work,  however,  it  1-  known  that 
tlu'  moment-  produced  by  P  on  the  right-hand  side  of  the  frame,  only 
the  moment-  at  .1 .  /»'.  (  .  and  /•'  an-  large  enough  to  be  considered  in 
design  of  the  frame.     Furthermoi         m  previous  work  it  ■  kno 
that  the  momenta  at  .1 .  /;  (  .  mid  /•'  are  practically  indep  nd<  at 

degree  of  restraint   at  ./.  A.  0,  //    and  h. 
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Figure  68 

It  is  therefore  considered  that  the  girders  are  hinged  at  J,  K,  G, 
and  H,  and  that  the  columns  are  hinged  at  H  and  D.  Applying  the 
same  general  method  that  was  used  in  section  57,  it  can  be  proved  that 


MAB  =  4EK1dA 


MAF=4EK4  6A 

in  which 

2       V  3X3+3X6+4X2 
3X8+3Xi0+3X7 


3Kb  +  N2K2  +  SK1 
3^5  +  ^2^2  +  4^! 


/SKa  +  NyKj  +  SKjX 

V3X9+JV7X7+4X4/ 


(556) 


(557) 


-) 


N7  = 


.,(. 


3X8+3Xi0+4X7 
For  A  to  be  in  equilibrium 
MAB+MAF-Pe  =  0 

From  equations  556,  557,  and  558  letting 


(558) 


#i=4  f : 


ZKs+N^+ZId 


'SKb+N2K2+4K 


M       a  at      a(  3X9+iV7X7+3XA     . 
Jand^  =  4(3^+iV7X7+4xJg1VeS 
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PeNiKi 

Mab=   AVm+A'^, 

PeXAK, 

M»=   WA'A 

Also 

"**-—{  3Kt+N A+3X,  J (561) 

w  .1/.,,,/ 3AT5  \ 

Mbo 2~  V  3X.+JVJC,+3li:1  J 

Mbc  f      K^-\-K(\ 


■u,"=-y(a-,+a-;+a-  j 

,,  Maw  /       3g«+JV  K        \ 

"»    -^(^avtSt^a-t) 

*~--¥(to8ot0 

If  the  — s-'a  of  the  girders  are  all  equal  and  are  represented 

K.  If  the  -T-s  of  the  columns  are  all  equal  and  are  repreecntod  ; 

and  if  the  Ta  are  all  equal,  .Y_.  =.\\  =  .V     1  |  <»ns 

559  to  569  reduce  to  the  form 
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MAB  =  Pe 


/3n+3+iV\ 

\3n+4+N  ) 


V  3n+4+iV )  +n\7n+NJ  _ 


(570) 


MAF  =  Pe 


(  6n+iV  \ 
n  \7n+N  ) 


(Zn+Z+N\  /6n+iV 


(571) 


M 


ZM 


MAB  /     3n+AT    \ 
2      \3n+3+iV7 


(572) 


Af«G=- 


MW        3n 

2     l3n+3+Ar 


(573) 


Mnc=- 


M 


AB 


(wfkw) (574) 


Afra  = 


MBC  /n+l\ 

n+2y> 


(575) 


Af™  =  - 


M 


nc 


n 


n+2 


(576) 


MCD=- 


MBC  /        1 


n+2 


(577) 


M*M  = 


MAF  (Sn+N\ 
2      \6n+Ay 


(578) 


MFG  =  - 


M 


AF 


(ro) '  •  <5*» 


*— ¥(rar) » 
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If  all  the  K  'g  arc  equal 

MAb=.5Q0P       (581 

Maw=.  500  P        

Mba=. 172  Pi 

Mbo=-. 078  Pe 584 

Mnc=-.0<n  Pe 

MCB=~.  031  Pe 5£ 

M([l=.0WPc (587 

Mcd=. 016  Pi (588) 

MFA=.172Pi 

MrG=-  AVM  j>, 

MFJ=-.07&Pe 591 


1 

1 

<■ 

» 

■ ; 

1 

Mt    #♦ 

* . 

~ 

V 

T 

K 

.  / 

I'i-.i  i  tfD  70 

59,     Eco  ni       '      I  "/  U  cWi  /7""/'  /••  t\ 
Frann .     <  Girders  to  (  ■ 

a  frame  with  eccentric  loads  at  the  middle  floor  l< 
columns.    The   frann    and   tin-  loading  are  symi 
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vertical  center  line  of  the  frame.     The  connections  of  the  girders  to  the 
columns  are  hinged. 

The  moments  are  practically  independent  of  the  degree  of  restraint 
at  1  and  7.     The  column  is  therefore  assumed  to  be  hinged  at  1  and  7. 


-M48-M48+Pe  =  0 


MA,=  Pe 


K, 


JV2X2+32v3 
iV2K2+4K3 


K: 


N?K2+3K3 
N2K2+±K3 


+K< 


Nb+ZKA 
A^5+4K4;j 


M4&  =  Pe-M 


43 


ilf,4=-M,2  = 


il/,4=-M,fi  = 


M 


4  3 


NoK 


2-*^2 


2     INzKz+ZKs 

Ma6  r       NhKh 


NbKb+3K4 


M21=-M2Z  =  M 


31 


[  2{Kl+K2)  J 


+K2) 


Mn—Mu=MHl  2{Kb+KG) 


[  2{Kb+K6)  \ 


In  these  equations 

AT  A    /2Kl±3K2 

N2~^\jK^W2 

"*    4  V  3tf6+4iC5 
When  all  X's  are  equal 

-M43  =  M45  -  4"  Pe  =  °  • 5000  Pe 

MZi  =  Mbi  =  —  Pe  =  0.1333  Pe 
15 


(592) 
(593) 

(594) 
(595) 

(596) 

(597) 
(598) 


(599) 
(GOO) 
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601 


If  the  ends  of  the  column  arc  fixed  at  1  and  7,  with  all  A">  equal 

1 


Jl/43  =  —Pe  =  0.5000/'. 


M  ;  =-^-Pe=0.1346P< 


Afn=  -^rPe=0.0385Pe 
52 


If  there  is  a  number  of  loads,  the  moment  due  to  all  the  1< 
the  sum  of  the  moment-  due  to  each  load  considered  separately. 

With  a  load  at  each  floor,  [f  all  K'a  are  equal  and  all  values  of  /'» 

are  equal,  M  =  -=-  Pe. 

The  moment  diagram  for  the  right-hand  exterior  c  riumn  ia  re| 
ted  by  Y\g.  70.    The  loading  which  produces  a  maximum  stress  in 
the  column  just  below  i  is  represented  by  Fig.  71.     It"  all  K't  are  equal 


7o-i 


6o- 


5o- 


*o- 


io 


UJ 


2o- 


Ib 

Ik. i  i 


and  all  valu<-  of  P<  are  equal  the  maximum  moment  in  ■  column  tl 


2/\ 


P< 


can  be  produced  by  eccentric  loads  is    -    f-  -r=-   4- 

2  15 
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It  is  to  be  noted  that  the  frame  considered  is  symmetrical  about  a 
vertical  center  line  and  is  symmetrically  loaded.  If  there  is  a  load  on 
the  right-hand  column  only,  the  moments  in  that  column  will  be  slightly 
smaller  than  the  moments  given  by  the  equation,  and  the  other  columns 
will  be  subjected  to  a  small  moment.  The  error  in  the  moment  in  the 
loaded  column  and  the  neglected  moment  in  the  other  columns  increase 
as  the  ratio  of  the  stiffness  of  the  loaded  column  to  the  combined 
stiffness  of  the  other  columns  increases. 

As  in  section  57,  the  error  in  the  equations  of  this  section  due  to 
the  horizontal  deflection  of  a  frame  under  any  vertical  loading  is  un- 
doubtedly negligible  for  purposes  of  design. 

GO.  Eccentric  Load  at  Middle  Floor  Level  of  Exterior  Column  of  a 
Frame.     Connections  of  Girders  to  Columns  Rigid. — Fig.  72  represents 


i 


p—<~ 


( 

13 

Q    16 

M 

18 

12 
L 

°R    20 

P    15 

-»~e-fc 

1 

17          " 

—■-  e  -— 

V 

i 

1 

1 

1      9 

F      4 
7 

A 

1 

i 

K     10 

a     5 

8 

B 
2 

H     6 

C 

3 
D 

Figure  72 


a  frame  with  eccentric  loads  at  the  middle  floor  level  of  the  exterior 
columns.  The  frame  and  the  loading  are  symmetrical  about  the 
vertical  center  line  of  the  frame.  The  connections  of  the  girders  to 
the  columns  are  rigid. 

From  previous  similar  work  it  is  known  that  of  the  moments  pro- 
duced by  P  on  the  right-hand  side  of  the  frame,  only  the  moments  at 
A,  B,  C,  L,  M,  and  F  are  large  enough  to  be  considered  in  the  design 
of  the  frame.     From  previous  work  it  is  known,  furthermore,  that  the 
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moments  at  these  points  arc  practically  independent  of  the  degree  of 

restraint  at  D,  H,  G,  K,  J,  R,  P,  Q,  and  N.     It  will  therefore 
sidered  that  the  girders  are  hinged  at  //.  <;.  A'.  ./.  //.  pt  :imi  Qj  aIl(i  t|Klt 
the  columns  are  hinged  at  I),  H,  (J.  and  A'. 

Applying  the  general  method  used  in  section  58,  it  can  be  proved 

.-    ,   ,  ...        v      ,  T  3A,  +  A',A>  +  3A,  1 

fchat  lettmg  *1=4  [  ag.+y.g.+igk  J 

j   4        ^:^A9+A'7A7+Ai7A17+4Al 

.  ,  /  3A'15+A'12A'1.,+3A"11  \ 

11,1,1  A  ii  =  4     7—7 —  — ,   ,  ,-  gr 

V  3A15+Ai,A12  +  4An  /      fe 

Ma°  ~      AVM  +  A^-f  A'„A,i  (°05) 

_                  PcAVf4 
""-    Ntfi+NJCt+NuKu         °" 

i  r  7JcA  nA'ii 

Ma'-~     .Y.A-.  +  .Y^  +  .YnA'n         («"•) 

^■-^(ifcl&w) 

If       i       U/  u    /        A"n  +  AVt        \  j 

2       \    A  :     •  A      •  A 

^--•1/r(A-„+t+A-J 
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v     -  Mar  (      SK^+N^      \                                     ,MAS 

M     _  MAB  (             3A%             \ 

MBG-      -r  { 3Ki+NiK2+3Kl ) (615) 

MBC-       ■-£-  {  3Kl+NtKx+3Kl  ) (616) 


„  MBC    /      K3+Ki 

JU  CB  — 


2      V  K3+K6+K2 


) (617) 


"---^(^fesO (618) 


*— — r<s+ra?) (619) 

M     -    l-    M     (      3K,+N,K,+N„K„      \ 

M^"T  ^'U^+^^+iv„x17+3zJ    •    •    •    •  (62°) 

MFG=-  ~MAF^+NiKiN+fvKn+z^  .     .     .      .  (621) 

MFJ=-±  MAF^+NiKif;iiKn+^    ....  (622) 

*"=4Mi^OTd^)-  •  •  • (623) 


in  which 


A%  =  4 


3X3+3KC+4K2; 


^        /3^8+3^10+3X7\ 
\3K9+dKlt+4KJ 


„    _    /3X13+3^]6+3^12 
12      \SKu+3Ku+4Ku 

N    _ifZK„+ZK2o+ZKi7 

11       V:>^.s+3^2o+4^17 
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/    , 


If  the-r-'s  of  all  girders  are  equal  and  arc  represented  by  A',  an. 1  if 

/  V 

the-r-'s  of  all  columns  arc  equal  and  are  represented  by  — ■ 

i  '    n 

and  equations  G05  to  62^  reduce  to  the  form 


Mab-Mal- 


Pe 


/3n+3+JVA 


/3n+3+iY\  /  3;<  +  A'  x 


MAF  = 


nPe 


/6n  +  2A'\ 
3n+3+# 


/  3n+3+A  \  /  :*;<  + A  \ 


MBA  =  MLA  = 


Mae  f    3n+JV 


2      V3/1+3-KY 


Mbc^Mlm*  - 


-V.w, 


l3n+3+A 


Mch—Mmq- 


Mbc  /     " 


(*) 


3/„(7     1 
2    ^n+2 


Maw  / 


-U,^  = 


2      Vli/i+2 


2A   \ 
2A'  J 


140  ILLINOIS   ENGINEERING    EXPERIMENT   STATION 

^=-^fe!W) <w> 

»"*"»—*?- *£w   •  •  • (634) 

If  all  the  K's  are  equal,  equations  605  to  623  reduce  to  the  form 

MAD  =  MAL  =  0.331Pe (635) 

MnA  =  MLA  =  0. 113  Pe (636) 

MDG  =  MLP=  -0.052  Pe (637) 

MBC  =  MLM=-0.0Q2Pe (638) 

MCb=Mml=  -0.021  Pe (639) 

MCH  =  MMQ  =  0. 010  Pe (640) 

Mcd  =  Mmn  =  0. 010  Pe (641) 

MAF  =  0.3S8Pe (642) 

MFA  =  0.131  Pe (643) 

MFJ=  -0.038  Pe (644) 

MFG  =  MFP=  -0.046  Pe (645) 

If  there  are  loads  at  each  of  the  points  M,  L,  A,  B,  and  C,  the 
moment  at  any  point,  as  A,  can  be  determined  by  taking  the  sum  of 
the  moments  due  to  each  load  separately.    If  the  values  of  Pe  are  equal 

for  all  the  points,  if  the-y-'s  of  all  girders  are  equal  and  are  represented 

T  K 

by  K,  if  the-j— 's  of  all  columns  are  equal  and  are  represented  by — , 


and  all  values  of  N  =  4(  '- — —  ),  the  moments 

V3n+7/ 


are 


MAB  =  MAL  = 


L  3n+4+tf 


(646) 


2    /3n+3+iV\       /3n+A^\ 
\}in+4+N)+n\7n+2N) 
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A" 


*"— 2"  (tT+Zv> 


2n+4 


-3 


3n+4+JV 


3n+3+ N\       /:!;<  +  . V 
Zn+±+Nyn\Jn+2N 


647 


If  the  K'b  of  the  columns  equal  the  JC's  of  the  girders 


MAB=MAL  =  H     (.331    Pe)=0.372   P< 


G48 


.1/w  =0.254  P< 


The  moments  MAL  and  .UW;  are  a  maximum  when   the  tram. 
loaded  as  Bhown  in  Fig.  73.     If  the  y's  of  the  girders  all  equal  A',  and  if 

the-j's  of  the  columns  all  equal  —  *  and  if  all  values  of  P<  are  equal,  the 


maximum  moments  arc 


t 


p 

p 

■+->.-+■ 
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MArj  =  MAB  = 


Pe      L  3n+4+JV 


3n+3+iV\       /  Sn+N 
3n+4+N)+n\7n+2N 


(650) 


MA F  is  maximum  when  alternate  floors  are   loaded.     For   such 
oading 

N 


Ma  F  =  n 


/6n+2N\ 
pe      \7n+2Nj  + 


2n+4 


L3n+4+AU 


2         /3n+3-f-7V\         /  3n+JV  \ 
\3n+±+Nj+n\7n-\-2N  ) 


(651) 


If  the  K's  are  all  equal  and  the  values  of  Pe  are  all  equal,  the 
maximum  moments  are 


MAB  =  MAL  =  0A54:Pe 
MAF  =  0.S58Pe    .      . 

A 


D(K= 


(652) 
(653) 


Figure  74 

61.  Effect  of  Settlement  of  One  Column  of  a  Frame  Composed  of 
a  Number  of  Rectangles. — Fig.  74  represents  a  portion  of  a  frame  com- 
posed of  a  number  of  rectangles.  The  unstrained  outline  of  the  frame 
is  represented  by  broken  lines.  The  middle  column  BGL  settles  an 
amount  represented  by  d.  The  strained  outline  of  the  frame  is  repre- 
sented  by  the  full  lines.  The  points  D,  A,  C,  J,  M,  K,  F7  and  H  remain 
stationary. 

For  F  to  be  in  equilibrium 

MFK+MFD+MFA+MFa=Q (654) 
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Substituting  the  values  of  the  M'b  as  given  by  the  equations 
Table  1  gives 


SEdy^+Kt+K^  +  vEK^Oi+da-^yo 


or 


0y  =  : 


6K  ~   -2K%  d(i 


3A:4-f  3A\+3A\  +  1A' 


.    (G 


MaF=2EKt(26G+0F-Z-j-) | 

Substituting  the  value  of  0,  from  equation  656  in  equation  657  give* 


MOF=EK 


10c, :      ; 


:;/\  :-h3A',  +  3A\  +  ::A" 


3X4+3Xi+3/C8+ 


1AV 


(W/MA',  +  3A',+3A\  +  2A;-, 
/,  V3A'4+3A'1+3A\+4A'r)//J 


Similarly  tor  the  right-hand  portion  of  the  structure 


.w,,  -,;/„[^  (;^±j 


3K  f3A"3+3A,„-f -:;A 
J/t,+3A\0+4A 


+ 


<W/3A'74-3A',-r-3A',„  +  l-)A 
/«V3A;+3A'3  +  3A'iu4-l  A    ' 

:;/:a  

M(       ::/:a  

For  0  to  be  in  equilibrium 
1/      VMqb  \  Mob  I  Mai     0 
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Substituting  the  value  of  the  M's  in  equation  662  gives 

rJ  r^5/3X4+?/v1+3X8+2X5\     X6/3K7+3X3+3X10-f 
6a 


eG  = 

4A, 


U  V3A%H-3iv1+3X8+4/CJ      L  \3K7+SK3+'3Kl0+4Kz 


3/v4+37m+3A84-3AY 
3A4+3Ai+3A8+4A5 


+4At 


3A7+3A3+3Aio+3A6 
3^7+3^3+3^10+4X6 


+  3A2+3A9 
.      .    (663) 


From  equation  656 


eF  = 


Gd^-2Kb6G 


(664) 


F     3A4+3A1+3A8+4A1 

Also 


BH  = 


M^+2K,eG 
t6 


(665) 


3A7+3A3+3A10+4A6 


If  the  portion  of  the  frame  DJ  is  symmetrical  about  G,  dG  =  0, 
and  6F=  —  6h- 

With  6G,  BF,  and  6H  known  the  moments  can  be  determined  from 
the  equations: 


MFA  =  3EK16F 

MID  =  SEK,dF 
M,K  =  ?>EK,eF 


9F+eG-sf- 


( 


2dG+eF-3j- 


(666) 
(667) 
(668) 

(669) 
(670) 


MGB  =  SEK2dG (671) 

MGL  =  ZEK,dG (672) 


Man  - 


d 


=2EK/20a+6H+3f 


(673) 


ANALYSIS   OF   STATICALLY    INDETERMINATE    3TB1  I   H   BBS  145 

MHG  =  2EK/2dH  +  dG+3^\ 674 

Mhc=3EKi0b 675 

MUj  =  :\EK-l6ll 676 

MII„  =  3EKl()dIl (677 

If  the  members,  instead  of  being  hinged,  are  fixed  at   D,  .1.  />' 

J,  M,  L,  and  A' 


dG  = 


r/C5/4A44-4A1  +  4A8+2A5\  _A6/4A7  +  4A3  +  4A1„4-2Afi\ 
L  h  V4A4+4A1+4A8H-4AV    "  /„  V4A7+4A'3  +  4A10  +  4AV 

_  /4A4  +  4A1  +  4AS+3A5\  ,  A  v  /4A7  +  4A,  +  4A1o+3A%\      _        - 
4A5UA^+4A^4A\  +  4Aj+4A6UA7-f4A3+4A1o+4Aj^4A2+4A 
(678) 

6tf^-5-2A50G 
*'-  4A4+4A1+4AS+4A, (67fl 

011  =    ~  4A7  +  4A,  +  4A1,1+1A(; '"" 

MFA=4EKi09 "s' 

M,D=4EKA6F 682 

M,K-4EKt6, 

MFG  =  2EKb(2eF+0ti-:i  jA ,,,M 

Moi     2EKk(  2ftH-0F-3iL)     ... 
Mob     IEKiBc 
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MGL  =  4JBK90G 


MGH=2EK6(2  6G+6H+™\ 


MHg  =  2EKJ2  6h+6g  + 


3d 


) 


MHC  =  4EK3dH 
MHj=4EK76h 


(687) 
(688) 

(689) 

(690) 
(691) 


MHM  =  ±EKl0dH (692) 

If  the  portion  of  the  frame  D J  is  symmetrical  about  G,  BG  =  0,  and 
6f=  —  6H. 

The  moments  due  to  the  settlement  of  one  column  for  frames 
having  the  K's  of  all  members  equal  and  the  lengths  of  all  girders  equal, 
and  also  for  frames  having  the  K's  of  all  columns  equal,  the  K's  of  all 
girders  equal  and  the  lengths  of  all  girders  equal  are  given  in  Table  17. 

It  is  to  be  noted  that  the  work  in  this  section  is  based  upon  the 
assumption  that  there  is  no  horizontal  motion  in  the  frame. 

Table  17 
Moments  in  a  Frame  Composed  of  a  Number  of  Rectangles,  Due  to 

Settlement  of  One  Column 


Moment 

K'aot  All 

Members  Equal 

Lengths  of   All 

Girders  Equal 

for  All  Columns  Equals  K 

—  for  All  Girders  Equals  nK 

b 

Lengths  of  All  Girders  Equal 

Ends 
Hinged 

Ends 
Fixed 

Ends 
Hinged 

Ends 
Fixed 

Mob  and  Mgl 

0 

0 

0 

0 

Mfa,  Mpk,   —Mire, 

18      KEd 

3       KEd 

18n       KEd 
6+7n        I 

3n       KEd 

and  -\fi/\f 

13          / 

2          I 

1+n         I 

Mfu  and  —Muj 

18      KEd 

3       KEd 
2           I 

18n2      KEd 
6+7n        I 

3n2        KEd 

13         I 

1+n          I 

Mpcj  and  —M hg 

54   KEd 
13      I 

9    KEd 
2         I 

-\8n(2+n)KEd 

\l+nj    I 

6+7n          / 

Mot  wid  —Mi, a 

66   KEd 

21    KEd 

-Qn(G+5n)KEd 

-3n/4+3n\  KEd 
2     \l+n)     I 

13      I 

4        I 

6+7n          I 

ANALYSIS   01    STATICALLY    ENDETEBMINATE    81 


117 


XI.    Three-legged  Ben 

62.     Three-legged  Bent.     Lengths  of  All  Leg*    Different     I  • 
Load  on  Left-hand  Span     Ia  is  Hinged  ai  tfu   Bast  .     I'vj;.  75  rep 
a  three-legged  bent.    The  Lengths  of  all  1.  _  t?      /'  repre- 

sents the  resultant  of  any  system  of  loa<l<  on  .1/;.     The  legs  of  the  l< 
are  hinged  at  1).  C,  and  E. 


i) 


!ir« 


l=«< 


v 


'=AG 


'    K 


S- 


i  .  75 

Since  axial  strains  are  neglected  the  vertical  deflections  of  B  rela- 
tive to  .1  and   /'  an-  sero.     Likewise  tin-  horizontal  deflections  of  .1 
B,  and  F  are  equal.    This  deflection  is  repr  I  by  '/. 

Applying  the  equations  of  Table  1  givi 


M 


AD 


=2EK0(eA-  ±\ 








MAli  =  2KK-.  2Ba+6b)-Ca* 
Mi  ,  -'IKK  <.'*eH+0A)  +  < 

M        d 


Kt(0B-  ■£-) 


■iKK  'ien+e,     . 

U,,,      J  A  A    29w+0b 
MIL     lBK<(ek  -  -£) 
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For  equilibrium  at  A,  B,  and  F 

MAD+MAB  =  0 (700) 

Mba+Mbc+Mbf  =  0 (701) 

MrB+MFB  =  0 (702) 

For  the  bent  as  a  whole  to  be  in  equilibrium 

^  +  t7  +  t7=° <m 

Substituting  the  values  of  the  moments  from  equations  693  to  699 
inclusive  in  equations  700,  701,|702,  and  703  gives 

SEKoOa-ZEKoj-  +4.EK16A+2EK1dB  =  CAB     ....     (704) 
4EKl6B+2EK1eA+3EK2eB-3EK2  4~  +±EKsdB+2EK3dF 

Il2 

=  -CBA (705) 

4EKz6F+2EK3dB+3EKAdF-3EKi  -^  =0 (706) 

5f£  6A-3EKC  &  +  T5-'  ObSEKi  jL  +  5f^  dr-3EKt  4, 

Flo  fl0  Hi  llo  AI4  /I4 

=  0 (707) 

These  four  equations  contain  only  four  unknowns,  and  it  is  there- 
fore possible  to  combine  the  equations  and  solve  for  the  unknowns. 
The  resulting  expressions,  however,  are  so  complex  that  it  is  more 
practicable  to  substitute  numerical  values  for  E,  the  K's  and  the  h's 
and  then  solve  for  the  unknowns,  d  and  the  9's,  by  a  process  of  elimi- 
ion.  Knowing  d  and  the  0's,  the  moments  can  be  determined  from 
equations  603  to  699  inclusive. 

Vov  convenience  in  eliminating  the  unknowns,  equations  704,  705, 
706,  and  707  are  reproduced  in  Table  18.  In  this  table  the  unknowns 
are  a1  the  tops  of  the  columns  and  the  coefficients  of  the  unknowns  are 
in  the  lines  below.  Equations  A  to  D  of  Table  18  are  identical  with 
equations  701  to  707. 
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Table  18 
Equations  fob  Thbei  - 

Lengths  of  All  Legs  Different.     Vertical  Load  on  Left-hand  Span     Lap  Hn  \ 

at  the  B:i- 


Xo. 
of 
Equa- 
tion 

Left-hand  Member       1        tion 

_ht- 
hand 
M.  mber 

Ba 

6b 

dp 

d 

Equation 

A 

ZK.+4Ki 

2Ki 

0 

:;A'„ 
a. 

B 

2ffi 

UTi-f3J?»+4ir, 

2K9 

:\f<2 
a, 

Caj 

E 

C 

0 

2JC, 

4A'3  +  :;/\, 

3K4 
hi 

0 

D 

3A'„ 

h0 

3A'2 
h2 

3K4 

h< 

»[%*%, 

♦*]  ■ 

; 


d ± 


It— 


/a  *j 


■ai 


Lie, 
C 


Figi  ; 


63.     Three-legged  Bent.     Length*  of  Ml  Leg*   D 
Load  on  LeflJiand  Span     Legt  l  ted  ai  I 

a  three-legged  bent.    The  length!  of  all  lef  it     P  ■' ' 

.  nt-  the  resultant  of  any  system  of  loads  on  .1 B,    The  lap  of  t!. 

are  fixed  at  D,  C,  and  A. 
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From  the  equations  of  Table  1 

MAD  =  2EK€(26A-S  j-) (708) 

MAB  =  2EK1(26A+dB)-CAB (709) 

MBA  =  2EK1(20B+6A)+CBA (710) 

MBC  =  2EK2(  2dB-S  j-\ (711) 

MBF  =  2EKi(2BB+eF) (712) 

MFB  =  2EKt(2dF+6B) (713) 

d 


MFE  =  2EKA 


(2^-3ir) w 


MDA=2EK0[  ^-3y-) (715) 

d 


MCB  =  2EK2     dB-S 


i) <™> 


MEF  =  2EK4' 


(e'-3T<) •    •    W 

For  equilibrium  at  A,  B,  and  F,  equations  700,  701,  and  702  are 
applicable. 

For  the  bent  as  a  whole  to  be  in  equilibrium 

MAD+MDA  +  MBC+MCB  +  MFE+MEF  =n  /71gx 

h0  h,2  /i4 

Substituting  the  values  of  the  moments  from  equations  708  to  717 
in  equations  700,  701,  702,  and  718  gives  the  equations  of  Table  19. 

64.  Three-legged  Bent.  Lengths  of  All  Legs  Different.  Any  System 
of  Loads. — No  matter  what  system  of  loads  is  applied  to  the  three- 
legged  bents  of  Figs.  75  and  76,  equations  similar  to  equations  693 
to  699,  708  to  718  and  700  to  703  can  be  written.     These  equations  will 
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contain  no  unknown  quantities  not  found  in  the  equations  of 
and  therefore  they  can  be  combined  to  obtain  equation-  similar  to  the 
equations  of  Tables  18  and  19.  The  left-hand  members  of  the  equati 
for  all  bents  with  legs  hinged  at  the  bases  will  be  identical  with  the 
left-hand  members  of  the  equations  of  Table  IV  and  the  left-hand 
members  of  the  equations  for  all  bents  with  legs  fixed  at  the  bases  will 
be  identical  with  the  left-hand  members  of  the  equations  of  Table  19. 

The  equations  of  Table  1  as  applied  to  a  three-legged  bent  ha\ 
legs  hinged  at  the  bases  and  carrying  a  number  of  systems  of  Loads 
given  in  Table  20.    Similar  equations  for  a  three-4egg  at  having 

legs  fixed  at  the  bases  are  given  in  Table  21.     lour  equations  contain 
four  unknowns,  derived  from  the  equations  of  Table  20  are  given  in 
Table  22,  and  four  equations  containing  four  unknown  •  he 

equations  of  Table  21  are  given  in  Table  23.     The  equations  of  TabL 
can  be  used  to  determine  the  stresses  in  a  bent  having  legs  bingi 
the  bases,  and  the  equations  of  Table  23  can  be  used   to  determ 
the  stresses  in  a  bent  having  legs  fixed  at  the  bat  A   numerical 

problem  illustrating  the  use  of  the  equation  in  TabL 
in  section  76. 


Tun.i:    L9 
EQUATIONS    I  OB   ThRKS-LEGGKD    B 

lengths  of  All  Legs  Different .     Vertical  Load  on  ndSpan.    I 

the  Bases. 


No. 
of 

Left-hand  Member  of  Equation 

!,t- 

Equa- 
tion 

0.4 

Br 

h 

d 

\ 

iK.-\  \K\ 

2K\ 

0 

-«t 

/•: 

B 

2JT] 

\K\  •  \KX  ■ 

-fr 

C 

0 

»/v,  •  \KA 

-e 

I) 

-•r 

C 

r 

Tin-     '.i  uri.l  I  i  hi  '••   d<  !•  nnined  from  iu< 
Knowing  •  I  il,  tli'-  momenta  <:i:i  |>.-  ■  l.t«-rnnr. 
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65.     Three-legged  Bent.     Lengths  and  Sections  of  All  Legs  Equal. 
Lengths  and  Sections  of  Top  Members  Equal.      Any  System  of  Loads. 

Let  -j  of  a  Top  Member  be  n  times  -r-ofa  Leg.  Legs  Hinged  at  the  Bases. — 

Fig.  89  represents  a  three-legged  bent.     The  lengths  of  the  legs  are 
equal,  and  the  lengths  of  the  top  members  are  equal.     The  -y-  of  atop 

I  K 

member  is  designated  as  K,  and  the  -r-of  a  leg  is  designated  as The 

h  n 

legs  of  the  bent  are  hinged  at  D,  C,  and  E. 
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The  equations  of  Table  1  as  applied  to  the  three-legged  bent  repre- 
sented in  Fig.  89  are  given  in  Table  24  for  a  number  of  systems  of  loads. 
Four  equations  containing  four  unknowns,  derived  from  the  equations 
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of  Table  24,  are  given  in  Tabl<   -        id  the  moment*  al  tfa 

ound  from  the  equations  of  Tables  24  and  25 

in  Table  26. 

6.     77/  ■  '/  B(  ni.     L<  ngths  and  S  1      / 

Lengths  and  Sect  Top  Members  Equal.     .  I 

Leg*  Fixed  at  the  Bases.     Fig.  9         resents  a  three-legged  f* 
lengths  of  the  legs  arc  equal,  and  the  lengths  of  the  top  memb 

equal.     The  —  of  a  top  member  is  designated  as  f\.  and  the  -r 

L  h 

I' 

is  d<  —  •     The  legs  of  the  bent  arc  fixed  at  D.  < '.  an  1  E. 

The  equations  of  Table  l  as  applied  to  the  three-  pre- 

sented in  Fig.  90  are  given  in  Table  27  for  a  number  loads. 

ir  equations  containing  lour  unknowns,  derived  from  I 
of  Table  27,  arc  given  in  Table  28,  and  the  moments  at  the  en  Is 
members  as  found  from  the  equations  of  Tables  27  and  28 
in  Table  29. 
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Table  26 
omexts  Dce  to  Various  Systems  of  Loads  on  a  Three-legged  Bent 

engths  and  Sections  of  Top  Members  Equal.   (    -=-  =  K  ) 

ngths  and  Sections  of  All  Legs  Equal.  (  -7-  =  —  ) 
gs  Hinged  at  the  Bases. 
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Case  I 

Vertical   Load  on   Left-band  Span 
See  Fig,  91 
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Vertical   Load  on  Right-hand 
See  Fig.  92 
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Case  III 

Horizontal    Load    to    the    Right    on 

Left-hand  Leg 

See  Fig.  93 
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Case  IV 
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LjD 


C 

Figure  99 


-/— 


D 


C 
Figure  100 


& 


—  / -t- / 


FlGUBE    101 


Table  29 

Moments  Due  to  Various  Systems  of  Loads  on  a  Three-legged  Bent 

Lengths  and  Sections  of  Top  Members  Equal.  (  —  =A*  J 

Lengths  and  Sections  of  All  Legs  Equal.  (  -r-  =  —  ) 
Legs  Fixed  at  the  Bases. 


No. 
of 

Equa- 
tion 

Mo- 
ment 

Case  VII 

Vertical  Load  on  Left-hand  Span 
See  Fig.  97 

Case  VIII 

Vertical  Load  on  Right-hand  Span 

See  Fig.  98 

Case  IX 

Horizontal  Load  to  the  Right  on  Left-hand  Leg 

See  Fig.  99 

Case  X 

Horizontal  Load  to  the  Left 

on  Right-hand  Leg 

See  Fig.  100 

Case  XII 
External    Couple    at 
Upper  Left-hand  Cornei 

See  Fig.  1U1 

1 

Mad= 

CAB(nn*  +  15n+2)+inCBA(n  +  l) 
+            2(n  +  l)  (<>n2+9n  +  l) 

4»CV(tt  +  l)-"CVB(«-f3) 
2(n+l)  (6rt2+9n+l) 

nCADa0n'-  +  l5n+3)-2n(MD-CuA)  (»  +  l)2 
2  (n  +  1)  (6n2+9»  +  l) 

nCFB(2n2+3n~l)-2n(ME+CEF)  (n  +  1)2 
2(n+l)  (6nJ+9n+l) 

itf(lln«+15n+2) 
+  2(n+l)   6n'+9n+1 

2 

Vab  = 

CAB(Un*  +  15n  +  2)+inC'BA(n  +  l) 
2(n  +  l)  (6n2+9n  +  l) 

4nCVf»  +  D-»CVii(H+3) 
+      2(n+l)  (6n'+9n+l) 

„CAD(10n:'  +  15n+3)-2n(MD-Cr,A)  {n+1)' 
2(71+1)  (6n2+9n+l) 

nCpS{W+Sn-l)-2n(MB+Csp)  (n  +  1)2 
2(71+1)  (6n>+97i+l) 

]lfn(3n+l)  (4n+5) 
2l7i  +  l)  (6n2+9»  +  l) 

3 

Mba  = 

.  nCAB(Sn'+Sn+4)+CBA(n  +  l)  (6n2  +  13n+2) 
2(n  +  l)  (0n2+9n  +  l) 

nCBp(n  +  \)  (6n+5)+nC™(3n2+n-3) 
2(n+l)  <6n2+9n  +  l) 

n(n+2)[C/1D(2n-|-l)-(M-D-C0A)(«+l)] 
2(n+l)  (6n2+9»  +  l) 

,iCnj4>r+4n-l)-n(Me+CEF)  (n  +  1)  (n+2) 
2(71+1)  (6»2  +  9n  +  l) 

Mn(n+2     :;■--' 
+  2l«  +  ll  l.6V+9n-rl.' 

4 

Mb::  = 

■7nCAB+2CBA(in  +  \) 
2(6n2+9n  +  l) 

2CBp(4n  +  \)  +  7nCFB 
+         2(6n2+9n  +  l) 

nCD(2n -3)  +2/1  (MD - CM)  (n+2) 

nCW2n-3)-2n(.U£  +  C*£,.-)  (n+2) 
2(6n2+9n  +  l) 

7.1/« 

2(6n2+9n  +  l) 

2(6n»+9n+l) 

5 

Mbp  = 

nCAB&n*+n-3)+tiCBA(,n  +  l)  (6n+5) 
2(n  +  l)  (6n2+9n  +  l) 

CBp(n  +  \)  (6n2  +  13n+2)+nCFB(3n2+8n+4) 
2(ti  +  1)  (6n2+9n  +  l) 

.  nCAD(4>f-+4n-l)+n(MD-CDA)  (n+1)  (n+2) 

n(n+2)[Cf£(2»  +  l)  +  (.UJ!  +  r'£f-)  (n+1)] 
2(71+1)  (6nJ+9n+l) 

Mn(3n*+n-3) 

2(n+l)  (6»2+9n  +  l) 

2(»  +  l)  iOn'+yn  +  l 

6 

Mfb  = 

nC«(n+3)-4nCB/1(n  +  H 
2(n  +  l)  (6n2+9n  +  l) 

4nCBp(n  +  l)+CFB(Un-  +  \5n+2) 

nC.4D(2H2-r-3rt-l)+2«(A/D-CV))  (n  +  1)2 
2(n  +  l)  (6n2+9n  +  l) 

nCVs(10n»+15n+3)+2n(.M>+CW)  (n  +  1)2 
2(71+1)  (on2+9n+l) 

.U«(n+3) 

2(71+1)  (6n2+9n  +  l) 

1  2(n+l)  (6n»+9n+l) 

7 

MFE  = 

nCAB(n+3)  -4nCflA(n  +  l) 
.2(71+1)  (6n2  +  9n  +  l) 

4nCBF(n  +  l)+CFB(nn"-  +  15n+2) 
2(71+1)  (6n2+9n  +  l) 

nC^D(2K2-f3n-l)+2«(Mc-CDJ)  (n  +  1)2 
2(k  +  1)  (6n2+9n  +  l) 

nf>£(10«2  +  15n  +3)  +2,i(M,.:  +  Cbp)  (n+1)' 
2(71+1)  (6n2+9«  +  l) 

Mn(n+3) 

2(71+1)  itin-'+9n  +  l) 

8 

Mda  = 

.  nCAB(in+o)+CBA(n  +  l)  (2n  +  l) 
2(n  +  l)  (8n»+9n+l) 

CV(n  +  l)  (27l+l)-Cra(27l»+4n+l) 
2(n+l)  (6n»+9n+l) 

C'AD(6(i34-27«=+26n-t-2)      Md  (6n2  +  9n+2)  +  CD,,(30n2+4.5n+4) 

CVK(6n»+9n2-n-l)-(A/E+CV)  (n  +  1)  (6n2+9n+2) 
6(n+l)  (6n»+9n+l) 

Mn(4nH  5) 

6(n  +  l)  (6n2+9n  +  l)                            6(6»2+9n+l) 

1  2(n+l)  (6n»+9n+l) 

9 

M,B  = 

CAB(rm  +  l)+inCBA 
2(6n«+9n+l) 

4nCBp+CFB(5n  +  l) 
2(6n2  +  9n  +  l) 

C^D(6n2-3«-l)+2(.Il/D-CV1)  (3n2+6n  +  l) 
6(6n2+9n  +  l) 

C>i(6n2-3n-l)-2(.l/i  +  re;,)  (3n2+6n  +  l) 
6(6n2+nn  +  lj 

flf(5n+l) 
2(6n"+9n+l) 

10 

Mbp  = 

CB(2n2+4n  +  l)-CB.,(n  +  l)(2n  +  l) 
2(n  +  l)  C67l"+9n+l) 

Cbp(ti  +  1)  (2n  +  l)  +  nC™(4n+5) 

CAZ7(67i3+97i2-n-l)  +  (i¥D-C'cA)  (n+1)  (6n2+9n+2) 
6(n+l)  (6n»+9n+l) 

CVfi(6n2+27n2+2Bn+2)      Mb  (6n2+9n+2)  -  Cep  (30n2+45n+4) 

j|f(2n'+4n+l) 

2(n  +  l)  (6n2+9n  +  l) 

1      6(n  +  l)  (6n'+9n+l)                          6(6n2+9n  +  l) 

2(n+l)  (6n»+9n+l) 

For  definitions  of  M     and  Mb  aee  Table  27. 
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XII.     Effect  of  Error  in  Assumptions 

67.  Error  Due  to  Assumption  that  Axial  Deformation  is  Zero. — 
In  determining  the  stresses  in' frames  it  has  been  assumed  that  the 
members  of  the  frame  do  not  change  in  length,  but  since  the  members 
are  subjected  to  axial  stress  there  must  be  a  corresponding  axial  deforma- 
tion. It  remains  to  determine  the  effect  of  the  axial  deformation  upon 
the  stresses  in  the  frames. 


Figure  102 

Fig.  102  represents  a  square  frame  with  all  sides  identical  in  section. 
The  frame  is  subjected  to  a  single  horizontal  force  P  at  the  top,  and  is 
in  equilibrium  under  the  action  of  P  and  the  reactions  at  D  and  C. 
Since  there  are  no  loads  except  at  the  ends  of  the  members,  H  and  C 
of  Table  2  are  zero  for  all  members. 

Case  1.  Assume  horizontal  reactions  at  C  and  D  equal.  From 
equations  407  and  408  of  section  48 

MAB=—r- 


Mnc=~ 


Ph 


Ph 


MnA=- 


Ph 
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n,  •  A   n         MAD+Ml,A  1     p 

bhear  in  AD  = ; =  -77  " 

h  2 

Likewise 

Shear  in  BC  =  ^P 

Shear  mAB  =  -^P 

Shear  in  DC=^P 

Stress  in  AB  =  —  P  compression 

Stress  in  CD  =  0 

Stress  in  AD  =  —  P  tension 

Stress  in  BC  =  —P  compression 

Since  AB,  AD,  and  BC  have  the  same  sections,  the  same  lengths, 
and  are  subjected  to  axial  stresses  of  the  same  magnitudes,  A  h,  repre^ 
senting  the  change  in  length  due  to  axial  stress,  is  the  same  for  all 
members. 

Referring  to  Fig.  102 
Hl    K2~    h       2AE 


R3= 


2Ah  .     P 
I      "  AE 


/  Applying  the  equations  of  Table  1  gives 

MAIi  =  2EK(2dA+dJl-mz)         (719) 

MAit=-2EK(20A  +  0h-%Ri) (720) 

Mbc=2EK(26b+0c-2R2)  (721) 
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MBc=-2EK  20b+Sa  -:;/,'      . 

Mcd=2EK(20c+6d) 

Mcd=-2EK  2ec+6B-SRt) 

MDA=2EK(26D+eA-Wi)  ■     . 

MDA=-2EK(26D+ec) 

For  M>  and  B( '  to  be  in  equilibrium 

-Mab+Mbc-Mcd+Mda+PI=Q 

Combining  equations  719  to  727,  substituting  values 
and  /.'  .  and  solving  for  the  moments  giv 


M.u,= 


Ph 


1- 


2  Ah 


Mll(=- 


rh 


9K1 

2Ah 


Mt  ■/,= 


MDA  = 


Ph 


1     [        '2Ah_ 


L83 

75 

: 

727 

/.*..  S  . 

728 

7 


9K 


In  these  equations  — -j  represents  the   largesl  error  du< 

•/\ 
lecting  the  axial  deformation  in  the  members,  and  the  rat:  to  l 

represents  the  relative  error. 

( last  2.     Assume  horizontal  reaction  al 

reaction  is  all  taken  at    ( 


Stress  in    \H  =  —  P  compression 


Stress  in  (  I >     -.-,-/'  comprt  ssion 
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Stress  in  AD  =  —  P  tension 

Stress  in  BC  =  -p-P  compression 

Since  AB,  CD,  AD,  and  BC  have  the  same  sections,  the  same 
lengths,  and  are  subjected  to  axial  stresses  of  the  same  magnitude, 
Ah,  representing  the  change  in  length  due  to  axial  stress,  is  the  same  for 
all  members.     The  magnitude  of  Ah  is  given  by  the  expression 

M  =  2AE 

As  Ah  for  AB  equals  Ah  for  DC,  Ri  =  R2 

Since  A D  is  in  tension  and  BC  in  compression 

R3-~r~AE 

Equations  719  to  727  are  applicable.  Combining  the  equations, 
substituting  the  values  of  the  R's  and  solving  for  the  moments  gives 


*'-"(- S> os 


»-?0+S) <«> 

»---t('+S)     <735» 


In 


these  equations  ^-j7    represents  the  error  due  to  neglecting  the 

'formation  in  the  members,  and  the  ratio  of  ^-rj  to  1  represents 
itive  error. 


axial  deformation  in 
the  relative  error. 
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Comparing  Case  1  with  (   i»    _    it  is  apparent  that  tb 
to  neglecting  the  axial  deformations  is  -mailer  if  the  horizontal  n 

is  all  at  one  corner  than  if  half  of  it  com.  •  |„.  lower  COTO 

The  maximum  relative  error,for  Case  I  Substituting  for  A.' 

jfi .  l 

/  9K  •»/ 

its  value  -t-j  the  expression  — -  becomes  —n-  ■    '  theen 

/  2  Ah  2Ah- 

to  neglecting  the  axial   deformation  in  a  square  frame  with  all  -:. 
identical,  subjected  to  a  single  horizontal  force  at  the  top,  wv  tlv 

with  the  moments  of  inertia  of  the  section  of  the  members,  inv<  i 
with  the  area  of  the  members,  and  inversely  with  the  squ 
length. 

If  for  ( lase  1  t  Ik  frame,  instead  of  being  square  a-  shown  in  Fig.  l 
i-  a  rectangle  twice  a-  wide  as  it  is  high,  and  if  the  sections  of  all  memb 
aie  identical,  the  moments  in  the  frame  due  t<>  a  single  horisontal  f<^ 
/'  at   the  top  are 


■-— tC'-t^1 


-W/M  =  -—  ( i  +  —  — 


Phf        \^K_ 
4   \  +    4   Ah 

in  which  h  and  I\  are  for  the  vertical  members. 

The  maximum  relative  error  m  this  Cfl  I    1- 

It  is  to  1  e  uoted  that  -^  •  the  coefficient 

less  than  —  •  ih«    coefficient  of  tt'  >"  equation  731.     n 

2  .  l  /< 

frames,  oni  tangle  twice  as  wide  as  it 

members  identical,   and  th<   other  a  square  hi 

with   the  vertical  sides  of  tl  *  a 
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single  horizontal  force  applied  at  the  top,  the  error  due  to  axial  deforma- 
tion is  less  for  the  rectangular  frame  than  it  is  for  the  square  frame. 

If  for  Case  1  the  frame,  instead  of  being  square  as  shown  in  Fig.  102, 
is  a  rectangle  twice  as  high  as  it  is  wide,  and  if  the  sections  of  all  members 
are  identical,  the  moments  in  the  frame  due  to  a  single  horizontal 
force  P  at  the  top  are 

Ph/,       51   K\  m.AN 


"«*— tO-tzs) (741) 


*— t(1+t  jk]    (742) 


^--t(1+I  m) (743) 

in  which  h  and  K  are  for  the  vertical  members. 

The  maximum  relative  error  in  this  case  is  -77- -tt  divided  by  1. 

8    Ah 

51  K 

It  is  to  be  noted  that  -^-  »  the  coefficient  of  -j-r  in  equation  743,  is 

9  K 

more  than  -^-j  the  coefficient  of  -7-7-  in  equation  731.     Hence  for  two 

frames,  one  a  rectangle  twice  as  high  as  it  is  wide  with  sections  of  all 
members  identical,  and  the  other  a  square  having  all  sides  identical 
with  the  vertical  sides  of  the  rectangle,  and  both  frames  having  a  single 
horizontal  force  at  the  top,  the  error  due  to  axial  deformation  is  greater 
for  the  rectangular  frame  than  it  is  for  the  square  frame. 

Table  30  gives  the  errors  due  to  axial  deformations  in  a  number  of 
ret  angular  frames.  The  largest  error  in  the  table  is  3.70  per  cent 
for  a  frame  10  feet  square  composed  of  27  in.-83  lb. -I-beams.  Although 
this  fry  11  if  is  composed  of  members  having  sectional  areas  so  large  com- 
I  ared  with  their  length  that  it  would  be  impracticable  to  provide  con- 
nections strong  enough  to  develop  the  strength  of  the  members,  yet 
the  error,  3.7  per  cent,  is  well  within  the  range  of  permissible  error. 
For  steel  frames  of  the  proportions  common  in  engineering  structures 
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the   error  is  well    under  2  ]  :,t.      For   ran 

—  is  much  less  than  for  steel  frames  and  the  error  due 

the  axial  deformations    is   correspondingly   lese    for 

than  for  steel  frames. 


Table 

ErBOB    IN   STRESSES    in    B  .mi  ^    I) 

DEFORM  \T!<)\ 

]  rame  is  subjected  to  a  single  horizontal  force  at  U  I 

reaction  at  the  bottom  is  equally  divided  betwt  en  tl 
tions  of  all  members  of  a  frame  arc  identical. 


.arc  Frai 

Frame  Bavins  Width 

Tv              Jit 

'IV 

&    tion 

Heighl 

Error 
pi  r 

-it 

Height 

Width 

POT 

II. 

Width 

•>r 
at 

27'— I— 83  lb. 

20 

l:. 
10 

1.0  1 

3  : 

20 
15 

10 

to 

20 

77 
1 

20 
15 

in 

24'— I— SO  lb. 

20 
15 

10 

1  _'  i 

2  5 

20 
L5 

10 

10 
20 

.58 

1  0 

l-i 

20 
15 
10 

.25 

20'— I— C5  lb. 

20 
15 

10 

18 

1  ' 

20 
15 

in 

HI 

20 

71 
1    1 

20 
15 

17 

15'- 1— 42  1b. 

20 
i:. 
L0 

28 

1    10 

15 

|i> 

10 
20 

11 

M) 

in 

17 

12'— I— 31.5  1b. 

20 
15 
10 

18 
73. 

20           l" 
15 

1«.          20 

in 

11 

•  8,     /     or  Dtu  to  Assutn]  2 

In  the  derivation  of   the  Fundi  mental  pn 
analyses  are  I  a »  d,  d<  ' 
being  the  i  in  the  equations 

deflection  only.     In  the  anal; 
of  the  two  vertical  meml  ken  equal.  Tl 
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deflections  only  when  the  shearing  deformations  in  the  two  vertical 
members  are  equal.  (Axial  deformation  is  here  neglected.)  Likewise, 
in  considering  that  the  deflection  due  to  bending  for  the  top  of  the 
frame  is  zero,  the  shear  deflection  in  the  top  of  the  frame  is  neglected. 


Figure  103 

Fig.  103  represents  a  rectangular  frame  having  a  horizontal  force 
applied  at  the  top.  The  members  of  the  frame  are  subjected  to  shear 
as  follows : 


Shear  in  DA,  SJ)A 


Mda-MAb         Ph  ADA  +  AAIi 


h 


h 


A 


(744) 


Shear  in  AB,  Sab 


MAb-Mbc        Ph    AAli    +  Anc 


I 


I 


(745) 


Shear  in  BC,  Sbc  = 


MBc-Mcd         Ph  ABC  +  Acd 


h 


h 


(74G) 


Shear  in  CD,  SCu  = 


M,„-MDA        Ph  Acd   +   ADA 


I 


I 


(747) 
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In  these  equations  ±Afl.  Am  .  A,  D,  and  A/M  represent  the  quanth 
in  the  parentheses  of  equations  MM.  102,   103,  and  KM. 
respectively,  and  A  represents  the  common  denominator  <>t*  tin-  n 
equation-. 

The  point-  I)  and  C  are  considered  to  remain  st  iry,  an  1  axial 

-train  i-  neglected. 

The  total  horizontal  deflection  <»t'  .1  equals  the  total  bor 
deflection  of  H.    These  deflections  are  represented  in  Fig.  103  I  . 

rJ  he  Bhear  deflection  of  l)A  is  -^ —  and  the  -hear  deflection  of  B( 

'^ 111  >' 

— — —    The  bending  deflection  of  DA',  rfi,  is  therefo  n  by  tin- 

equation 

*=*-■%£ ■  ■ 

and  the  bending  deflection  «»i"  /;r,  d  .  is  given  by  the  equation 

^-'irr 

The  point  C  doc-  not  move  vertically  relatively  to  I),  hnt  then 

a  Bhear  Scd   which  produces   a   shear  deflection  in  '  h  of  —      '  '  ; 

therefore  there  must  be  an  equal  and  opposite  moment  del 

'  ("    .    Similarly,  there  is  a  bending  deflection  in  AB  of  '.*!'    . 
GAi  ''  -1 

From  the  preceding  equations 

*-■}■- f --at  ■  • 

*■       A    ~   A       QA 
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Applying  the  equations  of  Table  1  gives 


MDA=  —  (26D-\-dA-ZRl) 


n 


(754) 


OP/7 

MAB= (26A+dD-SRl) (755) 


MAB  =  2EK(2dA+6B-ZR2) 
MBC  =  -  2EK(2  6B+dA-  SR2) 
2EK 


Mnc  = 


S 

2EK 


(2dB+dc-3Rs) 


(756) 
(757) 

(758) 


MCD= (2dc+dB-3Rs) (759) 

o 


Mcd=—  (2dc-\-0D-3R,) 


MnA  =  - 


V 

2EK 

V 


(760) 


(2  dD+dc-  SRa) (761) 


For  AD  and  BC  to  be  in  equilibrium 
MDA-MAB+MBC-MCD+Ph  =  0  . 


(762) 


Substituting  the  values  of  the  shears  from  equations  744,  745, 
746,  and  747  in  equations  750,  751,  752,  and  753,  substituting  the 
resulting  values  of  the  i£'s  in  equations  754  to  761,  combining  the 
resulting  equations  and  762,  and  solving  for  the  moments  gives 


[: 


MAB    when    shearing  strain  is 
Mah=   I  neglected,  a   positive  quantity 
(see  equation  401,  section  48). _ 


+ 


6PKE 
A2  G 


BABD+0ABQ 

.      .     (763) 


Mac  = 


[MBC  when  shearing  strain  is 
neglected,  a  negative  quantity 
(see  equation  402,  section  48). _ 


QPK  E 


^\\bbcD-ObcQ\ 

.      .      (764) 


McD  = 


ANALYSIS   OF   STATICALLY    I  NDI.'l  ERM  I  N  \  I  :  [Q] 

~Mcd   when  shearing  strain   is" 

neglected,   a   positive  quantity 

_(see  equation  403,  section    Is    _ 


~ 


Mda  = 


~Mi,a    when    shearing    -train    is" 
neglected,  a  negative  quantity 
J  see  equation   KM.  section   Is  . 


6PKE1 

A-     G 


I 


0 


in  which 

BA  B  =  tins 4- ops + 2pn  +  p2  -h  2/i 4- p  —  s 
BBc  =  t)ri*+opn-\-2ps  -f  p-  — n+  2*+p 
5CD  =  tins + 5n + 2ps  +  p  —  pn  +  2s  4-  1 
Bi*=6Tw+5«-p8+p+2pn-f2n+l 

0*a=y(ns-pn+«2+5p*+2n+2*+6p) 

0/}C  =  y  (n*4-5pn  —  ps+n*+2n+6p+2 

0<  ,>=  y-(n*-|-2p«-f-5n-f6p-hw,+2pn 

Od^  =  -T- 1  -  +  2p*+5«+6p  4  rwH-2pu 
Lliw+llnp«-f-eiM,+2«,H-10p«-r-12pi 


/>  = 


-1 


fonf+2nH-llnp*+  lOpn-f  11m  I  L2g  V2n+Zp+2n:p  • 


.1 


Q» 


10//.s-f  rJ///w  +  ^M.s-2-h2«2 4- 1  !/>*+ 1  l/w  +  2*  +  (i/*+W-f  -' 


4  LOnpt  |  3fwM-llp*4-llprH  2 


A-22  pa  hps+na-t  r*«*+*  I 
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If  the  members  AB  and  CD  are  identical,  equations  763,  764,  765, 
and  766  reduce  to  the  form 

MAB  =  MAb  when  shearing  deformation  is  neglected  (positive 

quantity) + k (767) 

MBc  =  Mbc  when  shearing  deformation  is  neglected  (nega- 
tive quantity)  +  k (768) 

MCd  =  MCd  when  shearing  deformation  is  neglected  (positive 

quantity)— A;       .  (769) 

Mda  =  MDa  when  shearing  deformation  is  neglected  (nega- 
tive quantity)  —  k (770) 

in  which 

.     -  E         PK       /s+3        n+3 
k  =  i)-Fr 


G    (n+s+6)2  V   Ai 


If  the  members  AB  and  CD  are  identical,  and  if  DA  and  BC  are 
also  identical  but  not  necessarily  identical  with  AB  and  CD,  k  of  equa- 
tions 767  to  770  is  zero,  showing  that  for  a  rectangular  frame  with 
opposite  sides  identical  the  shearing  deformation  does  not  affect  the 
moment  in  the  frame. 

The  error  due  to  shearing  deformation  in  a  number  of  frames  is 
given  in  Table  31. 


p 

>f 

.  .k 

t 

oA 

a 

71  '*" 

Or  4  '•*' 


in 

On 

K 

In 

^1/ 
i 

\_JL- 

if 

-4 1<     p 

Oo 

FiniiRE 
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Tabue  31 
Errob  in  Stresses i«  R   i  i  w.n.Ai:  Frames  i1 

Defobmati 

All  frames  arc  subjected  I  J<-  horizontal  I 


Description  of  Frame 

1 

Height 

in 

Width 
in 

ber       . 

in* 

/ 

in.* 

A' 
in.1 

No  Two 

Members 

Alike 

30 

AB 
B( 
CD 
DA 

20 

20 

10 

L00 

L16 

24 

w 

AB 
B( 
CD 
DA 

20 

40 
100 

5  21 

0     1   Dl 
r,()(\n   in  41 
OOOO  20  M 

.115 

14 

15 

AB 
BC 

CD 

DA 

20 

m 
100 

1   67 
33.33 

1  \ 

ABand 

(  D 
identical 

30 

50 

AB 
and 
CD 
BC 
DA 

11  III 

20 
20 

inn 

251 H  i 

;;on 

1  16 

078 

24 
15 

in 

and 

CD 
BC 
DA 

300 

5  21 

1  ni 

20  Bl 

AB 

and 
(  D 
BC 
DA 

20 
20 

inn 

1   67 

127 

AB 

CD 
B( 

DA 

20 

KM) 

10 

24 

AB 
and 
CD 

B( 

DA 

■2n 

20 

100 

- 

l:. 

AB 

and 
(  1> 

B( 

h  \ 

20 

100 

|        |     (HI 
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69.  Effect  of  Slip  in  the  Connections  upon  the  Moments  in  a  Rec- 
tangular Frame  Having  a  Single  Horizontal  Force  at  the  Top. — Tig.  104 
represents  a  rectangular  frame  having  a  single  horizontal  force  applied 
at  the  top.  The  sections  of  opposite  sides  of  the  frame  are  identical. 
The  connections  at  the  corners  of  the  frame  slip. 

The  changes  in  the  slopes  at  the  ends  of  the  member  A B  are  repre- 
sented by  6 A  at  A  and  6B  at  B;  likewise  for  the  member  CD  the  change 
in  slope  at  C  is  represented  by  6C  and  at  D  by  9D;  for  the  member  AD 
the  change  in  slope  at  A  is  represented  by  6E  and  at  D  by  dH;  and  for 
the  member  BC  the  change  in  slope  at  B  is  represented  by  6F  and  at  C 
by  6G.  That  is:  slip  at  A  equals  dE-6A;  slip  at  B  equals  dF~dB;  slip 
at  C  equals  6G-6C;  and  slip  at  D  equals  6H-dD. 

I  IK 

Represent  y- for  AB  and  CD  by  K,  and  ■=-  for  AD  and  BC  by 

i  in 

Applying  equation  A,  Table  1,  and  equating  the  sum  of  the  moments 
at  each  of  the  points  A,  B,  C,  and  D  to  zero  and  also  equating  the  sums 
of  the  moments  at  the  ends  of  the  two  members  AD  and  BC  to  —Ph 
gives 

2EK(2dA+eB)+—(2dE+da-ZR)=0 (771) 

n 


2EK(26B+6A)  +  y^(26F+da-ZR)=0 (772) 

11/ 


2EK(2dc+6D)  +  -^(2dG+dF-3R)=0 (773) 


2EK(20D+ec)+^^(26H+6B-ZR)=0 (774) 

IV 

^^■(20E+6H-3R+2On  +  0B-ZR+2OF+eG-SR+2OG+OF 

-3R)+Ph  =  0 (775) 

Letting  A  represent  the  quantity,  slip  at  A  divided  by  R,  likewise 
letting  B,  C,  and  D  represent  the  corresponding  quantities  at  the  points 
B,  C,  and  D,  respectively,  gives 

A  =—  ~-^ 
R      R 
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R  —  —L        ®h 

R      tl 

r_6G         Or 

L~T    1: 

R       R 

Substituting  the  values  of  d,:,  9Fi  0(:,  and  9B  from  these  equati 
in  the  preceding  equations  gn 

20A  /  \  ,    Bn    ,    dn         1 


nR 


(l+n)+^4^=^(3-2A-Z)) : 


20  n  /         \      0 A      0r       1 


(l+n)+-^+^=^(3-2B-c) ::; 


20 c  f  \   .   On    .   On         1 


(l+n)+-£+;s=-(3-2<      /;) 


rtfi 

20 1)  f         \  ,  0r 

nl 


Id/         \,»c,fl  1/ 


/7m 

•j/;/\7/  = 


These  five  equations  contain  four  unknown  a  and  one  unkno 

deflection.    Solving  these  equations  and  substituting    tl 
the  0's  an<l  /»'  in  the  expressions  for  the  moment* 


:;     1-U  +  /;  •  I    h/» 


[ 


di:l+3/J-9)  +  »fli).l-f.»/'      K7+5fl-30)  +  » 

.      In  |  1 
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MDA  = 


1 


Ph 


3     4-(A+£+C+Z)) 
(6P>+3C-9)+n(16D+5C+45+5A-30)+n2(6D+3A-9) 


(w+3)  (3n+l) 


(782) 


MfiC  —  TT 


P/i 


3     4-(A+i?+GT+£>) 
(6P+3,4-9)+ft(16P+5^+4D+5C-30)+n2(6£+3C— 9) 


(n+3)  (371+1) 


(783) 


Mc«=4 


pa 


3    4-(A+P+C+D) 
(6C+3Z)-9)+n(16C+5D+4^+5P-30)+n2(6C+35-9) 


(n+3)  (3n+l) 


(784) 


The  values  of  -r^>  tt>  77'  and -5   determined  from  equations   776 
K    K     tt  li 


to  779  substituted  in  equation  780  gives 


R  =  j-\(RA+RB+RC+RD)  + 


1  Ph(n+1) 
6       EK 


.      .    (785) 


in  which  RA,  RB,  RC,  and  RD  represent  the  slips  in  the  connections 
at  A,  B,  (\  and  D  respectively.  If  the  slips  are  measured,  R  may  be 
computed  from  equation  786.  Knowing  R  and  the  slips,  the  values  of 
A,  B,  C,  and  1)  may  be  computed.  Substituting  the  values  of  A,  B,  C, 
and  1)  in  equations  781  to  784,  the  moments  in  a  frame  having  connec- 
tions  which  are  not  rigid  may  be  determined. 

If  there  is  no  slip  in  the  connections  the  moment  at  each  corner 
of  the  frame  of  Fig.  104  is  —  }/±Ph.  The  differences  between  —}/±Ph 
and  the  moments  given  by  equations  781,  782,  783,  and  784  represent 
the  effed  of  the  slip  in  the  conned  ions. 
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If  A,  />'.  C,  and  /;,  of  equations  781  to  7s \  inchu 
each  other;  that  i-.  if  the  -lips  in  all  tin-  connections  oi   ':.  ibr 

frame  represented  by  Fig.  I'M  an-  equal,  equations  781 

to  the  form 


Mao" 

--,>,, 

MDA= 

4" 

M„c  = 

-> 

McB- 

"> 

78 
78 


That  is.  if  the  slips  in  all  tin'  connections  of  the  r 
Bhown  in  Fig.  104*  are  equal,  the  es  in  the  frame  are  tl 

they  arc  in  a  similar  frame  having  connections  which  ai 


7  a  mitt,  J     Vip 


z 
* 


L 


. 


k.  * 


Figuri    1<». 


/ 


< — 


To  illustrate  the  magnitude  of  the  i  p  in  tl 

upon  the  stresses  in  a  rectangular  fi  ime  consider  tl 
by  Fig.   106.     Equations  781,  782    1 
Substituting  the  values  of  the  quantit 
781  to  785  gn 


i  Strm  Hip -.''   1   i. iv     ■•!   Ill     I 
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MAD =3,030,000  in.  lb. 

MDA  =  3,240,000  in.  lb. 
MBC  =  3,050,000  in.  lb. 
MCB  =  3,300,000  in.  lb. 

If  there  is  no  slip  in  the  connections,  each  of  these  moments  is 
3,150,000  in.  lb.  The  errors  in  the  moments  due  to  neglecting  the  slip 
in  the  connections  are  as  follows: 

Had,  error  =  —3.8  per  cent 
MDa,  error  =  +3.0  per  cent 
MBc,  error  =  —3.0  per  cent 
Mcb,  error  =  +4.6  per  cent 

For  a  given  slip,  the  error  due  to  slip  is  greater  for  a  frame  having 
short  stiff  members  than  it  is  for  a  frame  having  long  flexible  members. 
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XIII.      \i  IfERICAL    PbOBLJ 

The  following  numerical  problems  illustrate  the 
which  have  been  derived. 

70.     Girder  Restrained  at  tin  Ends.     Supp  D 

Any  System  of  Vertical  Loads. — Fig.  106  repi  5  lb.  1- 

beam  embedded  in  masonry  at  both  ends.     B  l>y 

frost,  or  other  causes,  the  beam  which  was  originally  horizontal  n 
has  one  end  higher  than  the  other  and  the  tangent 
curve  of  the  beam  at  the  end-  arc  inclined  to  the  horizontal.    The  beam 

Carries  a  concentrated  load  and  a  uniform  load  as  shown.      It  i-  rnjii 

to  find  the  bending  moments  in  the  beam. 


Kit, 


Equation-  25  and  ii<>n   13  applicabh 

30,000,000  11).  per  sq.  in. 

dfl=  .7.")  inch  0a  =  ~t    005 

7=215.8  in.4  0B--.OI 


1=180  in. 
,    215  ^ 


R      -"  116 


K  = 


L80 


1.2  in. 


From  Tabl<  vb  for  a  Bing 

I'nfr   . 

— —  m  which 

a -108  in. 

h=    72  iii. 

/'  lb. 

Pal 

—  -  in.  lb. 
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Also  from  Table  2,  Cab  for  a  uniform  load  over  a  portion  of  the 
ic 


span  is 


(/3(4/-3rf)-63(4/-36) 


12/' 

<J= 120  in. 

b  =   72  in. 

to  =  400  lb.  per  ft.  =  -r^-lb.  per  in. 


in  which 


w 


12/- 


d3(4/-3d)-63(4/-36) 


=  37,200  in.  lb. 


Total  CAB  =  37,200+34,560  =  71,760  in.  lb. 

Substituting  the  values  of  the  constants  in  equation  25,  section  13, 
gives 

MAB=  -826,300  in.  lb. 

From  Table  2,  Cba  for  the  concentrated  load  is  52,000  in.  lb.,  and 
(  'ba  for  the  uniform  load  is  32,700  in.  lb. 

Total  CBA  =  52,000+32,700  =  84,700  in.  lb. 

Substituting  the  values  of  the  constants  in  equation  26,  section  13, 
gives 

Mha  =  -  1,606,300  in.  lb. 

It  is  to  be  noted  in  the  solution  of  this  problem,  in  solving  for  both 
MAB  and  M ba,  that  6A  and  R  are  both  positive  whereas  6B  is  negative. 
The  minus  sign,  moreover,  is  used  before  Cab  and  the  plus  sign  is  used 
before  Cba-  The  signs  are  in  accordance  with  the  conventional  method 
of  fixing  signs  given  at  the  bottom  of  Table  1. 

If  the  supports  had  been  on  the  same  level  and  if  the  tangents  to 
the  elastic  curves  at  the  ends  of  the  beams  had  been  horizontal,  the 
moments  would  have  been  given  by  the  equations  of  section  11.  Using 
the  same  values  of  Cab  and  CBa  as  before 

MAB=  -Cab  =-71,760  in.  lb. 

MBA  =  +Cba  =  +84,700  in.  lb. 

71.  Girder  Continuous  over  Four  Supports.  Supports  on  Different 
Levels.  Any  System  of  Vertical  Loads. — Fig.  107  represents  a  20  in.- 
80  lb.  I-beam  supported  on  four  supports  and  having  hinged  ends. 
The  supports  are  all  on  different  levels.  It  is  required  to  find  the 
moments  in  the  girder. 
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Figure  l<»7 

1  kniatione         Table  6,  are  applicable. 
/.=/!=/,= 1466  in  '  0=30,000,000  lb.  per  sq.  in. 

dA=Q 

(I a  =  2  in. 

<l(  =  1  in. 

do  =  -5  in. 
:n  Table  2 


360 


L  = 

210  in. 

h= 

210  in. 

h  = 

192  in. 

K 

1 166 

240 

:0.10  in. 

A'i 

1  IOC) 
210 

6.79  in.' 

A. 

1466 

192 

-7.01  in.' 

Ho 

6.79 

0  10 

1.11 

//I 

7.01 
0  79 

1.12.-. 

11    (  _•     240     Hi) 

II). 

.-)(M)0,-    111- 

HB(  -  -  _>ir, 

0 

■  H  I     •      1    1   I  ,  11 


I 


2X216 


H 

!i.  lb 

Substituting  th<  se  ••  •   ■•  -  in  equation 
MB(     4,071,600  in.  lb. 
Mcd-  -  1,087,500  in.  lb. 
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If  the  supports  had  all  been  on  the  same  level,  the  moments  would 
have  been 

MbC= -88,500  in.  lb.' 
Mci>=- 227,500  in.  lb. 

72.  Girder  Continuous  over  Five  Supports.  Supports  on  Different 
Levels.  Any  System  of  Vertical  Loads.  Ends  of  Girder  Restrained. — 
Fig.  108  represents  a  girder  continuous  over  five  supports.  All  the  sup- 
ports are  on  different  levels  and  the  girder  is  restrained  at  the  ends. 
The  slopes  of  the  elastic  curve  at  the  ends  are  known.  It  is  required 
to  determine  the  moments  in  the  girder  in  terms  of  7,  the  moment  of 
inertia  of  the  girder. 


Figure  10S 


The  solution  of  the  problem  involves  writing  the  equations  of  three 
moments  and  solving  these  equations  for  the  moments. 

Cases  (a),  (d),  and  (e),  Table  4,  and  the  equations  of  Table  2  are  ap- 
plicable. 


Ko  = 


12X12  144 


in.3    m=  •—-  =  4"  =  -800    k=  12X12  =  144  in. 
Ko         5 


Ki=    12^15    =  -j|q   in.3     n,=  i£-ijS  =1.875   Z1  =  12X15  =  180  in. 


K,= 


12X8  96 


7    .    , 
— —  in/       n3  = 


K*        4 


K2        5 


=  .800    h=  12X8  =  96  in. 


K*  = 


12X10         120 


in. 


Z3  =  12X10  =  1.20  in. 
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dA  =  2.5  in.  dB  - dA  =  2.8-2.5  =  +0.3  in.     0A  =  +  J I 

dB  =  2.S  in.  dc ~<*b =3.0-2.8=  H-0.2  in.     dK=  -.i 

dc=3.0in.  4>-dc  =  3.1-3.0  =  +0.1  in.     E  n 

(/D  =  3.1  in.  ^.-^  =  3.0-3.1  = -0.1  in. 

Jf;  =  3.0in. 

5Q00X5X7X19X12  +    120(H)  l>i    ■'  2   'Ill-Hii 
AU~  2X144  8X144 

=  -183,900  in.  lb. 

„  5000X5X7X17X12    ,     L2000 

Ul;.\=     


2X144 

=  190,700  in.  lb. 


+  J2&(...-«,  >€--"-  ...-.-.— 


10000X8X7X22X12  00   .  ,.,  .  .     .. 

///;(  =  2X225 +  ~^~  ,,1^•11,• 

10000X8X7X23X12,     12000       .,.,_     IV|-1MI-     „ 
HCD=  t?x99- +  — £ —  X225=681,600  ul  lb. 

//,.„  =  ir^_xA;i  -36  |  (  2  •  hi     36    64^      L8,400in.lb. 

//m  =  Sr(4)('J  ,,t   { )    llr,,M,m-lk 

10000X5X5(15)X12   ^  fc 

'"  2X100 

10000X5X5(15)X12  m  „, 

"  200 

Substituting  the  values  of  these  quantities  in  tin- 
Table  i  gi 

From  equation 

6.4   i/      ■  2.0  .W(/,     1030  /     2,978,000 
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From  equation  (a) 

1.875  MBc+5.75  MCd+Mde  =  W0  7-2,593,000       . 

From  equation  (e) 

1.6JI/cd+6.2Mds  =  3900  7-487,100 

From  equations  786,  787,  and  788 

MDE  =  (Q72  7+9,500)  in.  lb. 

MCd=  -(166  7+341,000)  in.  lb. 

Mbc  =  (213  7-358,000)  in.  lb. 


(787) 


(788) 


Substituting  the  values  of  MBc  and  MCd  in  equation  (a)  of  Table  4 


gives 


MAB  =  (467  7+18,750)  in.  lb. 
Also  from  equation  (a)  of  Table  4 

MEd=  -(5307-193,400)  in.  lb. 


s  mm 

L  10.000  lb.    per  ft.  10,0001b.    per  ft. 

Figure  109 

73.  Two-legged  Rectangular  Bent  with  Legs  Fixed  at  the  Bases. 
Bent  and  Lead  rug  Symmetrical  about  a  Vertical  Center  Line. —  Fig.  109 
repress  ntfi  a  two-legged  rectangular  bent  with  legs  fixed  at  the  bases. 
Both  Ugs  arc  subjected  to  hydrostatic  pressure.  The  bent  and  loading 
are  symmetrica]  about  a  vertical  center  line.  It  is  required  to  deter- 
mine the  moments  in  the  frame. 
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Equations  126  and  127,  section  25,  are  applicable. 

HI. 8 
K  for  AB       240 

n  =  K  for  AD=  S41.8  " 
192 

From  Table  2 

11  ft- 
CAD=  -nfTjT  &  —  '•>'' )  in  which 

ii  * 
C*4-3gi(3a*-10aH-10 

wr=BowxLo=50 „ 

a  =  120  inches 

Z=  192  inches 

Cad  =  391,000  in.  11). 

Cda= 984,400  in.  lb. 

AfxB=lfBc=-^^72X391,000=  -67,900  in.  lb. 

M,lt=-MhA=  x:;i'l ,000  •  964,400  1,1  15,900  in.  lb. 

1 


i — *n  n\ 


i> 


n~ 


1 1.. i ...  no 


74.     TvHhUgged  Rectangular  BenL    0 
centraled  It  I  ai  ti  ■««.- 
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Fig.  110  represents  a  rectangular  bent  having  one  leg  longer  than  the 
other.  There  is  a  horizontal  force  of  20,000  lb.  applied  at  the  top. 
The  bases  of  the  legs  are  fixed.  It  is  required  to  determine  the  moments 
in  the  bent. 

Equations  252,  253,  254,  and  255,  section  33,  are  applicable. 

P  =  20,000  lb. 

1  =  240  inches 

h  =  240  inches 

240       n  pa7 

K  for  AB  =  4tt£-  =  0.90  in.3 
240 

441  8 
K  for  AD  =  -^±£-  =  1.84  in.3 
240 

K  for  BC=^£-  =2.34  in3 
3o0 

K  for  AB     _.n 

n=^n — 7T>  =  0-49 
K  for  AD 

8  =  K  for  £C=a385 

A„  =  2(3X.49X.385X.385+4X.49X.385  +  .385X.385  +  .385+3 

X.49  X.385  X.667+3  X.49  X.49  X.385  X  .667  X. 667+. 49 
X  .49  X  .667  X  .667 + .49  X  .667  X  .667 +4  X  .49  X  .385  X  .667 
X. 667)  =  5.334 

Substituting  the  values  of  the  quantities  in  equations  252,  253, 
254,  and  255,  of  section  33,  gives 

MAI{  =  1,100,000  in.  lb. 

MliA  =  958,000  in.  lb. 

Mda=-  1,950,000  in.  lb. 

^.,,=  -1,664,000^.  11). 
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75.     Two-legged    Rectangular   Bent.     N  it  of   Foundation, — 

Fig.  Ill  represents  a  rectangular  portal.     Due  to  U]  I  by  fi 

or  other  causes  the  foundation  originally  at  <"  w 
right,  settles  3  inches,  and  turn-  in  a  negative  direction  an  ang  <ii 

radians.    It  is  required  to  determine  the  momenta  in  the  portal. 


& H 


PlOUBI    111 

Equations  204,  20.").  206,  and  207,  8ecti<   i  31,  are  applicable. 
Z  =  240  inches 

/l  =  4S0  inches 


K  =  ^000=8:,4in.3 
240 


K  for  AH  _  X.U 
n~K  for  AD      6.25 


Oc=-M- 


3 


242 


=  -.0224 


(1  =  2  inches 

/;    30,000,000  lb.  pei  sq.  in 
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MAB  =  2,502,000,000     [0.000816-0.001461-0.000831] 
=  -3,700,000  in.  lb. 

Mbc  =  2,502,000,000     [0.000816-0.001431+0.000831] 
=  +470,000  in.  lb. 

Mcb  =  2,502,000,000     [0.000877  -  0.003255  -  0.00083 1  ] 
=  -8,040,000  in.  lb. 

MDA=  -2,502,000,000     [0.000877-0.003255+0.000831] 
=  +3,875,000  in.  lb. 


300" 


Figure  112 

76.  Three-legged  Bent.  Lengths  of  All  Legs  Different.  Loads  on 
Top  and  Settlement  of  Foundations. — Fig.  112  represents  a  three-legged 
bent  having  vertical  loads  on  top.  The  legs  are  restrained  at  the  bases. 
Due  to  upheaval  by  frost  or  other  causes  the  foundation  at  D  has 
rotated  in  a  positive  direction  through  an  angle  of  0.01  radians.  Like- 
wise the  foundations  at  C  and  E  have  rotated  in  a  negative  direction 
through  an  angle  0.01.  The  foundation,  originally  at  C,  has  moved, 
moreover,  to  the  right  1  inch  and  has  settled  3  inches.  Likewise  the 
foundation,  originally  at  E' ',  has  moved  to  the  right  2  inches  and  has 
settled  1  inch.     It  is  required  to  determine  the  moments  in  the  frame. 
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The  equations  of  Table  21  are  applicable.    Since  th< 
zontal  loads  on  the  lege  nor  external  coup!.-  at  the  top,  l  I 

and  XII  will  not  enter. 

The  total  right-hand  members  of  the  equations  rill 

therefore  be  the  algebraic  sum  of  the  right-hand  mem 
VII,  Case  XIII.  and  Case  XI. 

ho  =  20()  in.  J#=60  in.4 

ft,  =  300  in.  /,  =  12<>  in.1 

hA=400  in.  fi=90  in.' 

/,=200in.  /   --12D  in.1 

Z3  =  300  in.  /    =200  in.1 

£.=0.30  in.  I  00  in.  ll». 

£i=0.60  m.  Cba=  1,920,000  in.  lb. 

A'2  =  0.30  in.3  I     i  =  l.Hn. i„.  II,. 

A',  =  0,J0  in.  .      1,890, m.  lb. 

A'4  =  0.">()  in.3  E    30         00  lb.  per  a  |.  in. 


(W,A,        r>X3X0.<i  .,  .  /<  "/,     0.003 

^^'  =  -2^(^-==,,,)•,lln•■ 

A'.",  II. 

Kt       6X1X0.3    nnn.  . 
~~h~  =        300       =a006m'  Ka6m 


Ws-ilQK*  _(iX(-2)X0.4 

I,  '  300 

=  -0.016  in.3 

K.       6X2X0.5     ....... 

— 1 = T7^\ —  =0.015  m 

// 1  LOO 

Substituting  the  values  of  these  quantities  in  I 
Table  2  quationa  I  and  1 

in  the  <  quations  ol  Table  32  that  the  quai 

•  i  i 

-   \  II  and  Case  VIII  are  coefficn 

and  1  by  the  metho  I  of  eliminat 

,/  =  JL  U.i. :;;:;. :;iin     |  I  722,100J  l  I 
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6F=  -^  [238,155-797,034]  -0.0047062 
BB=  y  [-608,835+1,039,263]  +0.0061134 
6A=  —  [l,126,370-395,727]  +0.014278 


Substituting  these  values  of  the  0's  and  d  in  the  equations  of 
Table  21  gives  the  moments  in  the  frame.  The  moments  are  itemized 
and  presented  in  Table  33. 

Table  32 
Equations  for  the  Three-legged  Bent  of  Fig.  112 


Left-hand  Member  of  Equation 

Right-hand  Member  of 
Equation 

No.  of 
Equation 

Ba 

6B 

6f 

d 

Case  VII 
Coeffi- 
cients 
,  100 

of  T 

Case  VIII 
Coeffi- 
cients 

.  100 

0f   X 

Case  XI 

1 

2 
3 
4X1000 

3.6 
1.2 
0 
1.5 

1.2 

5.2 

.8 

1.0 

0 

.80 
3.60 
1.25 

-.0090 
- . 0060 
-.0075 
-.02792 

+28800 
-19200 

0 

0 

0 
+44100 
-18900 

0 

.04800 

.03800 

-.02100 

-.01167 

1 
2 
3 
4 

+  1.0 
+  1.0 

0 
+  1.0 

+    .3333 
+4.3333 

+    .6667 

0 
+   .6667 

+   .8333 

-.002500 
-.005000 

-.018611 

+  8000 
-16000 

0 

0 

+36750 

0 

+  .013333 
+  .031667 

-.007777 

f2-l)=a 

(2-4)  =6 

0 
0 

+4.0000 
+3.6667 

+    .6667 
-    .1667 

-  . 002500 
+  .013611 

-24000 
-16000 

+36750 
+36750 

+  .018333 
+ . 039444 

a 
b 
3 

+  1.0 
+  1.0 
+  1.0 

+  .166667 
- . 045454 
+4.500000 

-.000825 
+  .003712 
-.009375 

-6000 
-4363.63 
0 

+  9187.5 
+  10022.7 
-23625.0 

+  .004583 
+  .010757 
-.026250 

(S-a)=c 
(Z-b)=d 

0 
0 

+4.333333 
+4.545454 

- . 008750 
-.013087 

+6000 
+4363 .  63 

-32812.5 
-33647.7 

-.030833 
-.037007 

c 
d 

+  1.0 

+  1.0 

-.0020192 
-.0028792 

+  1384.61 
+  960.00 

-7572.11 
-7402.50 

-.0071154 
-.0081415 

(c—d)  =e 
e 

0 

+ . 0008600 
1  1.0 

+424.61 
+493733 

-169.61 
-197221 

+  .0010261 
+  1.19314 
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Moments  in  Three-legged  Bei  112 

Moment  id  LDch-pounds. 


Dm 

Moment 

Due  to  Load 

I  hie  t<>  Load 

S  btlemeot 

•  tl 

on  .w; 

on  BF 

1   »UDdati(  ii 

MDA 

+    231500 

- 

_  4900 

+     ■ 

Mab 

-    9071 

+    297400 

-37181 

-    981700 

Mba 

+  1810400 

+  2019400 

-.,• 

+  3HVHNH) 

Mbc 

-  L026800 

+  1365400 

-I-     5300 

+ 

Mcb 

-    661500 

-|-    741900 

-284700 

-   204; 

M  BP 

-    783600 

-  3384800 

+060500 

Mfb 

-    106000 

+  1446200 

+400800 

-    1741000 

Mmf 

-     132100 

-    G49100 

-559600 

1340600 
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XIV.     Conclusions 

Some  outstanding  features  of  the  use  of  the  slope-deflection  equa- 
tions, as  brought  out  by  the  analysis  in  Part  II,  may  well  be  emphasized. 

Two  general  methods  of  using  the  equations  have  been  illustrated. 
In  one  case,  after  the  equations  have  been  written  for  each  member  of 
a  frame,  by  equating  the  sum  of  the  moments  at  each  joint  to  zero  and 
employing  one  equation  of  statics,  a  number  of  equations  is  obtained 
which  contain  values  of  6  and  R  as  the  only  unknowns.  From  these 
equations  can  be  found  values  of  6  and  R,  which,  when  substituted  in 
the  original  slope-deflection  equations,  give  values  of  the  various 
moments.  This  method  applies  especially  well  to  a  frame  in  which 
a  large  number  of  members  meet  at  each  joint.  Such  a  problem  is 
generally  best  solved  in  numerical  terms.  Examples  of  this  method 
are  found  in  sections  23,  61,  64,  and  65. 

The  procedure  in  the  other  case  is  more  direct.  The  slope-deflec- 
tion equations  for  each  member  may  be  combined  to  eliminate  values 
of  6  and  R,  leaving  equations  involving  the  unknown  moments,  the 
properties  of  the  members,  and  the  given  loading  of  the  frame.  These 
equations  may  be  solved  directly  for  the  moments.  Examples  of  this 
method  are  found  in  sections  24,  35,  and  49. 

Special  attention  is  called  to  the  form  of  the  equations,  which 
are  independent  of  the  magnitude  and  location  of  the  individual  loads, 
except  as  the  magnitude  and  location  of  such  loads  influence  the  numer- 
ical values  of  the  quantities  C  and  H  of  the  equations.  The  quantities 
C  and  H  are  determinate  and  their  numerical  values  may  be  readily 
found  for  any  known  system  of  loads. 

It  is  well  to  note  also  that  the  treatment  of  continuous  girders  for 
which  the  supports  are  not  on  the  same  level  is  comparatively  simple. 
This  part  of  the  work  is  of  considerable  value  inasmuch  as  it  permits 
the  determination  of  the  effect  of  the  settlement  of  supports.  The 
treatment  of  the  settlement  of  foundations  for  two-legged  bents  is  of 
equal  importance. 

Advantages  of  the  slope-deflection  equations  which  are  worthy  of 
appreciation  an:: 

CI;     The  general  form  of  the  fundamental  equation  is  easily 

memorized,  and  the  equal  ions  may  be;  written  for  all  members  of 

a  structure  with  little  effort.     The  value  of  the  quantities  C  or  H 
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for  loaded  members  may  be  calculated  by  referen 
and  :->.     It  is  frequently  poeaible  to  simplify  the  equ 

noting  when;  values  of  6  and  qua!  to 

conditions  of  the  problem. 

(2)     No  Integrations  need  be  performed  excepl   possibly 

find  values  of  C  or  //.  and  then-  is  little  dang  the  omis 

the  effect  of  a  single  indeterminate  quantity,  as  there  is  in  mel  ho  La 

involving  the  work  of  internal  forces  or  moment 

(2fl  The  physical  conception  of  a  problem  is  easier  I  Kan  in  the 
case  where  differentiation  or  integration  is  performed.  When  the 
dopes  and  deflections  are  determined,  it  is  easy  to  visualize  the 
approximate  shape  of  the  elastic  curve  of  a  member,  wh. 
expression  involving  the  work  of  an  indeterminate  force  or  moment 
may  have  little  physical  meaning.  Neither  does  the  metho 
cutting  a  member  and  equating  expressions  for  the  linear  and 
angular  movement  of  the  adjoining  ends  gn  '-ar  an  id< 

the  actual  deformation.  To  one  unfamiliar  with  such  a  method; 
the  determination  of  the  sign  of  the  movement  of  the  end-  <>f  the 
member  cut  is  also  more  or  less  difficult. 

(4)     It  is  shown  in  sections  67,  ,|S  '  that  tl 

axial  and  shearing  deformations  and  of  Blip  of  joints  may 
dilated  by  the  use  of  the  slope-deflection  equations.    This  in 
possible  a  complete  treatment  of  any  problem,  though  il  i 
that  it  is  seldom  necessary  to  make  u  finemenl 

analysis. 

v5)    The  use  of  the  quantity  K  for  ~t~u|  :i  "" 

of  quantities  n,  s,  and  p,  as  ratio-  of  K'a  For  d 
is  of  great  help  in  writing  equations  in  a  workable  fon 
restraint  factor  N  is  also  useful  in  simplifying  both  ai 
final  equations 

i,      Although  the  fact    has  not    b  en    bro 
bulletin,  these  equations  may  be  applied  to  manj 
composed  of  rectangular  units.    'The  determinat 
Stresses  in  bridge  trusses  is  an  exainpl* 
in  print  for  some  time.     With  trapesoidal  and  i 
en,  must  be  taken  in  the  use  of  the  term  /. 
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(7)  While  the  method  is  readily  applicable  to  all  the 
problems  solved  in  this  bulletin,  its  advantage  over  other  methods 
is  seen  when  applied  to  structures  which  are  statically  indeterminate 
to  a  high  degree  and  in  which  a  number  of  members  meets  at  each 
joint. 

The  use  of  statically  indeterminate  structures  in  recent  years  has 
grown  rapidly  and  many  new  types  of  structures  have  been  evolved. 
With  the  use  of  riveted  connections  in  steel  frames  and  the  develop- 
ment of  monolithic  reinforced  concrete  structures  of  all  sorts,  it  often 
happens  that  statically  indeterminate  stresses  cannot  be  avoided.  On 
the  other  hand,  structures  are  frequently  made  of  an  indeterminate 
type  for  the  purpose  of  securing  economy  of  material.  Rational 
methods  of  design  will  do  much  to  inspire  confidence  in  the  reliability 
and  economy  of  such  structures,  thus  insuring  their  more  widespread 
use. 

It  is  felt  that  the  treatment  of  statically  indeterminate  structures 
given  in  this  bulletin  will  be  helpful  in  giving  information  regarding 
such  structures.  The  method  has  been  explained  in  sufficient  detail 
to  enable  the  designing  engineer  to  use  it  in  the  solution  of  his  particular 
problems.  It  is  believed  that  the  fundamental  principles  can  be  quickly 
coordinated  with  the  ordinary  principles  of  mechanics  so  that  the  more 
complex  problems  and  even  the  simpler  ones  may  be  studied  from  a  new 
viewpoint. 
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I.     Into 

1.     Scope  of  Bulletin. — In  this  bulletin  B  of 

tests  made  to  determine  the  practicability  of  mnaaming 
water  by  means  of  the  thin-plate  circular  orifice  in 
to  determine  the  experimental  coefficients  for  ••ali.-ul.-t*  ing  the  vek 
of  the  flow  in  the  pipe  and  the  discharf 
ditions  most  favorable  to  the  use  of  such  an  orifice 
device.    An  orifice  thus  inserted  an  abrupt 

ditions  of  flow  as  tl  uo  appi  MCfl  through  t: 

fice  and  this  change  in  the  conditions 

considerable  change  in  pr>  ■  1  which  may  I  -f»d 

and  which  varies  with  the  flow  in  th<  tie* 

erted  in  a  pipe  line  is  looked  upon  more 
or  field  device  for  measuring  the  flow  of  water  thi 
inexpensive,  simple  to  ict,  light  in  weight,  and  i  i 

There  may  be  opportuni?  'M 

where  a  continuous  record   ii  «-ss  in  an 

important  factor,  and  the 
meters  is  not  justified    In  flanged  pipe 

may  be  inserted  at   a  joint   with   lit! 
piping;  and  in  long  pip'1  I""  oss  in 

will  be  inconsiderable  ad  witl  losses,     [t  I  seem 

that  this  device  mighl  well  be  atil 

efficiency  rma  ol  pumps,  in  measure 

of  individual  wells  of  water  works  I; 
COnSUmptiOD  for  individual  purposes  in  mills  a- 

I  tii,«  discharge  through  city  •  »«  wot 

irrigation  pm 

tions  under  which  the  oriJ  LinarOj 

mind,  and  no  been  m 

method 
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Tests  were  made  to  determine:  (1)  the  positions  of  two  cross- 
sections  of  the  pipe,  one  section  upstream  from  the  orifice,  the  other 
downstream  from  the  orifice,  at  which  pressure  head  may  be  measured 
and  the  drop  in  pressure  from  one  section  to  the  other  may  be  most 
favorably  determined,  (2)  the  relation  between  this  drop  in  pressure 
head  and  the  rate  of  discharge  through  the  pipe,  (3)  the  lost  head 
occasioned  by  the  orifice,  (4)  the  effect  of  small  deviations  from  what 
may  be  termed  standard  conditions,  and  (5)  the  proper  size  of  orifice 
for  given  conditions.  In  the  presentation  of  the  results  of  these  tests 
special  attention  has  been  given  to  the  probable  sources,  magnitudes, 
and  effects  of  the  accidental  and  constant  errors  incidental  to  the  ob- 
servations. Attempt  has  been  made  through  the  use  of  tables  and 
curves  to  render  the  results  easily  adaptable  to  all  sizes  of  pipe  from  4 
inches  to  20  inches  in  diameter  and  for  all  sizes  of  orifice  up  to  five- 
sixths  of  the  diameter  of  the  pipe.  In  the  belief  that  others  than  ex- 
perienced hydraulicians  may  find  use  for  the  results,  some  attention 
has  been  given  to  matters  connected  with  the  construction,  installation, 
and  use  of  a  form  of  apparatus  adapted  to  normal  practice. 

2.  Other  Experiments. — The  method  of  measuring  water  by  in- 
serting an  orifice  in  the  pipe  line  is  not  new.  Partially  closed  valves 
have  been  calibrated  as  orifices  for  such  use  and  experiments  of  a 
preliminary  nature  have  been  conducted  recently  with  thin-plate  ori- 
fices. In  "Experiments  on  Water  Flow  through  Pipe  Orifices,"* 
Horace  Judd  reports  the  progress  of  somewhat  similar  experiments 
conducted  at  Ohio  State  University,  the  orifices  being  in  plates  of 
Monel  metal  1 A32  inch  thick  inserted  in  a  5-inch  pipe. 

In  "Diaphragm  Method  of  Measuring  the  Velocity  of  Fluid  Flow 
in  Pipes,"f  Holbrook  Gaskell,  Jr.,  gives  an  account  of  a  brief  series  of 
tests  on  6-inch  and  8-inch  pipe. 

■>.  Acknowledgment . — The  tests  were  made  in  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois  in  1914-15  as  graduate 
work  in  the  Department  of  Theoretical  and  Applied  Mechanics  and  in 
1916-17  as  an  investigation  of  the  University  of  Illinois  Engineering 
Kxperiment  Station.  The  investigations  were  under  the  general  super- 
vision of  Arthur  N.  Talbot,  Professor  of  Municipal  and  Sanitary 
Engineering  and  in  Charge  of  the  Department  of  Theoretical  and 
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Cr  =  ratio  factor,  depending  on    -=-  • 

F  =  factor  showing  the  dependence  of  ha  on  diameter  of 

pipe. 
J    =  coefficient  expressing  the  relation  between  ha  and  hi. 
C  =  coefficient  of  discharge  for  bevel-edged  orifices. 
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assumed  to  behave  not  unlike  the  jet  issuing  from  the  standard  orifice 
in  the  open  air,  it  continues  to  converge  after  leaving  the  orifice  until 
the  greatest  contraction  takes  place  at,  let  us  say,  section  2.  The  jet 
then  expands  until  normal  flow  takes  place  at  section  3. 

Let  hx,  h2,  and  h3  respectively  be  the  pressure  heads  registered 
by  piezometer  tubes  inserted  at  sections  1,  2,  and  3,  and  let  it  be  as- 
sumed that  the  pressure  head  h2  is  the  same  as  it  would  be  if  the  pie- 
zometer tube  at  section  2  were  projecting  through  the  wall  of  the  pipe 
to  the  periphery  of  the  jet  at  the  contracted  section. 

Neglecting  pipe  friction,  the  drop  in  pressure  head  between  the 
section  of  beginning  of  convergence  and  the  section  of  greatest  con- 
traction (Fig.  1)  is  equal  to  the  change  in  velocity  head  between  the 
two  sections  plus  the  loss  in  head  due  to  the  contraction  of  the  jet. 
Then  by  Bernoulli's  Law 


h  =  h1—h2  = 


Since     r—  = 


h  = 


V 


2gC 


2g 


& 


Ccd< 

c2 


and  C  =  C„C, 


Yl 

2g 


l*g  K 


_    1 


(1) 


(2) 


It  is  evident  that  this  drop  in  pressure  head,  hb,  is  the  maximum 
drop  in  head  that  may  be  found  near  the  orifice  and  is  somewhat 
greater  than  the  sum  of  all  losses  occasioned  by  the  orifice,  since  beyond 
the  contracted  section  as  the  velocity  decreases  from  v  to  V  sl  portion 
of  the  velocity  head  is  transformed  into  pressure  head. 

6.  Expression  for  Lost  Head. — Between  two  sections  of  uniform 
flow,  one  section  on  each  side  of  the  orifice,  such  as  section  1  and  sec- 
tion 3  (Fig.  J;,  a  change  in  pressure  head  is  accompanied  by  three 
losses — the  loss  due  to  contraction,  the  loss  due  to  sudden  expansion, 
and  the  loss  due  to  pipe  friction.  If  the  latter  factor  is  eliminated 
from   consideration,   then  by  methods  similar  to  those  used  in  the 
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referred  to,  particularly  the  section  of  beginning  .m\ 

the  section  of  gi  atraction,  must  be  ^tu<li«'<l   .-  illy. 

The  method  of  modifying  the  rational  equatio 
experimental  results  will  be  di 
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III.     Tests  and  Results 

7.  Scope  of  Experiments. — The  principal  tests  were  made  on 
4-inch,  6-inch  and  12-inch  pipe  with  eight  sizes  of  orifices  for  each 
size  of  pipe  as  recorded  in  Table  1.    It  will  be  noted  that  the  diameters 


Table  1 
Diameters  of  Orifices  and  Pipes 


4-inch    Pipe 
D  =  4.08  in. 

6-inch  Pipe 
Z>  =  6.12  in. 

12-inch  Pipe 
Z>  =  12.15  in. 

d 

D 

d 

d 

D 

d 

A                 1                  D 
d                                  1 

0.497 

0.667 

1.00 

1.34 

1.67 

2.00 

2.68 

3.33 

8.17 
6.09 
4.06 
3.04 
2.43 
2.03 
1.52 
1.22 

0.75 
1.00 
1.49 
2.00 
2.50 
3.01 
4.02 
5.01 

8.16 
6.12 
4.10 
3.06 
2.44 
2.03 
1.52 
1.22 

1.50 
2.00 
3.00 
4.00 
5.00 
6.00 
8.00 
10.00 

8.10 
6.08 
4.05 
3.04 
2.43 
2.03 
1.52 
1.22 

of  the  orifices  range  from  one-eight  to  five-sixths  the  diameter  of  the 
pipe,  and  that  the  eight  ratios  of  diameter  of  pipe  to  diameter  of  ori- 
fice for  the  4-inch  series  are  approximately  the  same  as  for  the  6-inch 
and  12-inch  series. 

The  mean  velocity  in  the  pipe  ranged  from  0.01  ft.  per  sec.  with 
the  smallest  orifice  of  each  series  to  a  maximum  velocity  of  about  23 
ft.  per  sec.  with  the  largest  orifice  of  the  4-inch  series,  14  ft. 
per  sec.  with  the  6-inch  series,  and  3^  ft.  per  sec.  with  the  12-inch 
series. 

Experiments  were  conducted  to  investigate  phases  of  the  problem 
as  follows: 

(1)  Pressure  Variations  and  Behavior  of  Stream 
By  observations  of  pressure  variations  along  the  pipe  the  posi- 
tion of  the  following  sections  was  found :  (a)  the  section  at  which 
the  flow  in  the  pipe  changes  from  normal  uniform  flow  and  the  stream 
begins  to  converge  towards  the  orifice;  (b)  the  section  at  which  the 
jet  issuing  from  the  orifice  becomes  fully  expanded  and  normal  uni- 
form flow  is  resumed;  and  (c)  the  section  of  greatest  contraction  of 
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able  difference  between  the  drop  in  pressure  head  with  gage  connec- 
tions made  at  the  top  of  each  section  and  the  drop  in  pressure  head 
with  the  gage  connections  made  at  the  bottom  of  each  section,  (d)  the 
effect  of  number  of  connections  at  each  section  on  the  precision  of 
observations,  and  (e)  the  effect  of  beveling  the  upstream  edge  of  the 
orifice. 

The  drop  in  pressure  was  measured  between  a  section  at  approxi- 
mately the  beginning  of  convergence  and  the  section  of  greatest 
contraction.    The  tests  were  made  only  on  4-inch  and  6-inch  pipe. 

8.  Apparatus. — The  pipe  upon  which  tests  were  made  was  com- 
mercial steel  pipe  which  had  been  in  service  some  years.  In  general 
there  was  a  small  but  measurable  difference  between  the  diameters  of 
the  adjoining  sections  of  pipe  between  which  the  orifice  plate  was  in- 
serted, and,  due  to  roughnesses  and  other  variations,  the  error  of 
measuring  the  diameter  was  perhaps  0.02  inch.  The  pipe  was  horizon- 
tal and  straight  for  a  sufficient  distance  on  each  side  of  the  orifice  to 
make  the  effect  from  bends  negligible. 

All  orifices  were  circular  in  shape  and  were  cut  in  3/16-inch 
steel  plates.  In  general  the  edges  of  the  orifices  were  square.  To 
find  the  effect  of  a  deviation  from  this  standard,  experiments  were 
also  made  with  bevel-edged  orifices,  a  bevel  of  45  degrees  being  made 
on  the  upstream  side  of  the  orifice  in  such  a  way  as  to  leave  a  thick- 
ness of  metal  of  1/32  inch  at  the  throat. 

Drop  in  pressure  head  was  measured  by  the  usual  form  of  U- 
tube  differential  gage,  the  water  gage  being  used  for  small  differences, 
and  the  mercury  gage  for  large  differences. 

The  gage  connections  to  the  pipe  at  the  sections  under  consider- 
ation were  ^-inch  pipe  nipples.  Care  was  taken  that  no  burr  was 
left  at  the  inner  edge  of  the  tapped  holes  and  that  the  nipples  did  not 
protrude  beyond  the  inner  surface  of  the  pipe.  The  pipe  nipples 
were  connected  with  the  gages  by  ordinary  rubber  tubing. 

9.  Water  Supply  and  Measurement. — The  supply  of  water  was 
obtained  from  the  60-foot  standpipe  of  the  Hydraulic  Laboratory. 
For  most  of  the  tests  the  water  level  in  the  standpipe  was  within  a 
few  feet  of  the  top  and  a  nearly  constant  head  was  maintained  by  a 
2200-gallon  duplex  pump,  the  pump  being  automatically  regulated. 
Far  most  work  the  head  remained  nearly  constant  during  a  given  run, 
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upstream  from  the  orifice  and  sections  downstream  from  the  ori- 
fice is  in  general  least  when  the  downstream  section  is  at  the  point 
of  greatest  contraction.  The  error  increases  as  the  distance  from 
this  section  is  increased  until  the  region  of  maximum  pressure 
fluctuation  is  reached,  and  decreases  thereafter  as  the  down- 
stream section  approaches  the  section  of  resumed  normal  uni- 
form flow. 

(6)     Except  for  —  =1.2  (the  largest  orifice  used  with  each 

size  of  pipe),  there  is  no  indication  of  a  variation  between  the 
general  behavior  of  the  flow  passing  through  the  orifice  used  with 
one  size  of  pipe  and  that  passing  the  corresponding  orifices  used 

with  other  sizes  of  pipe.     That  is,  for  a  particular  value  of  -%, 

a 

except  -t=1.2,  there  is  no  indication  that  the  curve  showing  the 

pressure  variation  for  the  4-inch  pipe  should  not  coincide  with 

that  for  the  6-inch  pipe  and  for  the  12-inch  pipe.     For  —  =1.2 

there  is  evidence  of  considerable  variation,  though  whether  or 
not  this  is  to  any  considerable  extent  due  to  size  of  pipe  is  prob- 
lematical. 

The  preceding  deductions  indicate  that,  for  the  purpose  of  flow 
measurement,  gage  readings  of  drop  in  pressure  should  be  taken  with 
gage  connections  at  the  section  of  beginning  of  convergence  or  up- 
stream therefrom  and  at  the  section  of  greatest  contraction.  The 
distances  to  these  sections,  as  far  as  effect  on  measurement  of  drop  in 
pressure  head  is  concerned,  may  be  considered  as  0.8  D  upstream  from 
the  orifice  and  0.4  D  downstream  from  the  orifice.  In  the  tests  to  deter- 
mine the  relation  between  drop  in  pressure  and  discharge  these  dis- 
tances were  used. 

12.  Relation  between  Drop  in  Pressure  Head  and  Discharge. — 
Since  the  use  of  the  pipe  orifice  as  a  flow  measuring  device  depends 
upon  the  proper  relations  between  the  drop  in  pressure  head  and  the 
ocity  (or  rate  of  discharge)  a  wide  range  of  tests  was  made  to 
determine  their  relation  after  the  preliminary  experiments  had  shown 
the  proper  arrangement  of  the  apparatus  as  already  discussed. 


1 


Fro.  5.     Differential  Gages 


THE  PIPE  ORIFICE   FOB  UNG    FLOW 


For  various  rates  of  flow  the  disc 
observed  time  interval  and  the  drop  in  pressure  bead  wai  read  fr 
the  differential  gage.    The  velocities  in  the  pipe  i 
per  sec.  with  the  smallest  orifice  of  each  seri< 
largest  orifice  of  the  4-in.  series;  the  drop  in  pr 
0.01  ft.  to  56  ft.    On  the  average  30  observatio  - 
flow  were  made  for  each  size  of  orifice. 

Fig.  4  shows  the  gage  connections  with  the  pipe  at  I 
tions  adjacent  to  the  orifice,  the  distances  to  0.8 


Head  in  ft.  of  w 


T  kBU 

Sample  Data 
Orifices  in  \  in.  p  ; 

Tim<-  i.  ft. 


Obs.  No. 


v.  •  W\ 


Cor.  Time 
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201 

L884 
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1 857 
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L852 
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900 
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1 55 

140 

no 
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Table  3     (Continued) 

Sample  Data 

Orifices  in  12-in.  pipe 

Head  in  ft.  of  water.     Time  in  sec.     Discharge  in  cu.  ft.  per  sec. 


Obs.  Xo. 


Net  Wt. 


Cor.  Time 


Lost  Head 


Drop  in 
Pressure  Head 


Discharge 


Orifice  1.50 

in.  diameter 

613a 

224 

600 

0.011 

0.011 

0.00598 

614a 

210 

500 

0.013 

0.013 

0.00672 

615a 

198 

400 

0.017 

0.018 

0.00793 

616a 

205 

360 

0.021 

0.022 

0.00911 

617 

209 

339 

0.028 

0.029 

0.00987 

618 

216 

300 

0.036 

0.036 

0.0115 

619 

202 

261 

0.042 

0.044 

0.0124 

620 

203 

241 

0.050 

0.052 

0.0135 

621 

208 

215 

0.067 

0.067 

0.0155 

622 

258 

240 

0.079 

0.080 

0.0172 

623 

376 

332 

0.090 

0.092 

0.0181 

624 

342 

240 

0.112 

0.113 

0.0228 

625 

300 

241 

0.135 

0.135 

0.0199 

626 

372 

240 

0.176 

0.176 

0.0248 

627 

347 

199 

0.216 

0.216 

0.0279 

628 

392 

199 

0.274 

0.277 

0.0315 

629 

448 

200 

0.350 

0.353 

0.0358 

630 

497 

200 

0.428 

0.437 

0.0398 

631 

517 

191 

0.516 

0.523 

0.0433 

632 

585 

191 

0.663 

0.675 

0.0490 

633 

596 

180 

0.773 

0.790 

0.0530 

634 

650 

180 

0.915 

0.940 

0.0578 

635 

730 

184 

1.12 

1.14 

0.0635 

636 

830 

179 

1.50 

1.53 

0.0742 

637 

1040 

202 

1.86 

1.91 

0 . 0825 

638 

1512 

260 

2.39 

2.44 

0 . 0930 

639 

1542 

240 

2.97 

3.04 

0.103 

640 

1725 

240 

3.66 

3.72 

0.115 

641 

1644 

200 

4.79 

4.89 

0.132 

642 

1679 

180 

6.18 

6.31 

0.149 

643 

1902 

180 

7.88 

8.04 

0.169 

644 

1787 

155 

9.56 

9.70 

0.184 

645 

3286 

259 

11.5 

11.7 

0.203 

646 

3218 

215 

15.9 

16.2 

0.239 

647 

1800 

1031 

21.2 

21.6 

0.279 

648 

3254 

166^ 

27.2 

27.8 

0.312 

649 

3110 

138 

36.2 

36.9 

0.361 

650 

3398 

145 

41.4 

42.1 

0.375 

Orifice  2.00 

in.  diameter 

651 

224 

360 

0.009 

0.010 

0.00997 

652 

241 

300 

0.012 

0.013 

0.0129 

653 

206 

240 

0.016 

0.018 

0.0137 

654 

223 

270 

0.017 

0.017 

0.0132 

655 

258 

240 

0.026 

0.028 

0.0172 

556 

246 

is-', 

0.037 

0.040 

0 . 0209 

657 

287 

180 

0.056 

0.060 

0.0255 

D  upstream  and  0.4  D  downstream  from  the  orifice  and  there  being 
two  pressure  openings  at  diametrically  opposite  points  at  each  section. 
Fig.  5  shows  the  differential  gages  with  connecting  hose.  The  two  gages 
on  the  left,  one  for  mercury,  the  other  for  water,  are  connected  to  the 
sections  adjacent  to  the  orifice  and  register  the  drop  in  pressure  head ; 
the  two  gages  on  the  right  register  the  lost  head  due  to  the  orifice  plus 
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Pig.  6.     Experimental  Discharge  Curves — 4-inch  Pipe 


The  data  of  the  tests  are  plotted  logarithmically  in  Figs.  6,  7 
and  8,  the  observed  drop  in  pressure  head  in  feet  being  plotted  against 
measured  discharge  in  cubic  feet  per  second.  The  lines  which  have 
been  drawn  through  the  mean  of  the  plotted  points  are  seen  to  be 
straight  and  very  nearly  parallel.  It  will  also  be  noted  that  the  curves 
for  one  series  bear  the  same  general  relation  to  one  another  as  do  the 
curves  for  the  other  two  series. 

The  mean  of  the  measured  slopes  of  the  24  curves  varies  only 
slightly  from  2.00.  A  study  of  the  curves  indicates  that  the  variation 
of  the  slopes  of  the  individual  curves  from  the  mean  value  is  partly 
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Fig.  8.     Experimental  Discharge  Curves — 12-inch  Pipe 


Table  4 
Coefficient  of  Discharge — C 


THE  PIPE   ORIPK  L    rOB    U  IKR 

the  coefficient  of  discharge  not  only 

pressure  head  increases  bu  tie  dian 

increases. 

For  a  better  understanding  of  the 

cient  of  discharge,  and  also  that  tl. 

determined  readily  for  other  vain  than  t: 

the  data  of  Table  4  for  the  4-inch  pipe  are  >i. 
two  upper  curves  of  Pig.  9,  values  of  th< 

against  —  -    The  two  curves     the  full  line  I'm-  h       0. 1  f i 
line  for  hb=o0  ft. — are  intended  to  ahovi  I 

which  may  possibly  be  used     For 

a 

of  discharge  increases  nearly  as 

may  perhaps  be  explained  through  I  as  -     in«- 

distance  from  the  wall  of  the  pipe  to  the  p  at 

the  section  oi  attraction 

sequent ly  less  likelihood  of  the  pressun 
the  same  as  that  which  at  the  peripk 
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18.     Simplified  l 
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nificant  figure  than  the  data  may  warrant  in  order  to  permit  more 

nearly  accurate  interpolation.    In  interpolating  for  other  values  of  -=■ 

or  other  sizes  of  pipe  than  those  shown  it  may  be  assumed  that  the 
velocity  modulus  varies  as  a  straight  line. 

The  computations  for  the  velocity  modulus  were  based  on  the 
coefficients  of  discharge  for  a  drop  in  pressure  head  of  1.0  ft.  as  shown 
in  Table  4  and  by  the  curves  of  Figs.  9  and  10.  (Fig.  10  is  explained 
in  the  following  section.)  Since  K  varies  as  C  and  since  G  decreases 
as  hb  increases,  the  values  of  the  velocity  modulus  are  for  a  large  drop 
in  pressure  head  slightly  too  large  and  for  a  small  drop  in  pressure 
head  slightly  too  small;  but  within  the  limits  hi=0.1  ft.  to  /t&=10  ft., 
which  seem  to  be  about  the  limits  which  would  be  found  practicable 
under  ordinary  conditions  of  flow,  the  error  introduced  by  use  of 
Table  5  is  negligible. 

14.  Application  to  Other  Sizes  of  Pipes. — In  order  to  use  equa- 
tion (2)  or  (4)  for  sizes  of  pipe  other  than  those  used  in  the  experi- 
ments herein  recorded  it  is  important  to  determine  the  effect  of  the 
diameter  of  the  pipe  on  the  coefficient  of  discharge.  The  proper  co- 
efficient of  discharge  is  obtained  by  applying  a  diameter  factor,  CP, 
which  is  the  quantity  by  which  the  coefficient  of  discharge  for  a  6-inch 
pipe  must  be  multiplied  to  produce  the  coefficient  of  discharge  for  a 
given  size  of  pipe.  The  values  of  the  diameter  factor  for  various  diam- 
eters of  pipe  are  shown  in  Fig.  10.    Since  the  curve  is  based  on  only 
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Fig.  10.     Diameter  Factor 
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three  plotted  poiuts  it  is  likely  to  jj 

be  confined  to  values  of        betwe 

ft.  for  hb  if  accurate  results  are  desired. 

15.     Empirical  Relation  hi  .  <  . 

Head.— From  the  discharge  curves  of  Pigs. 
empirical  equation  lias  been  derived  tor  th< 

drop  in  pressure  head, 


1=4.85 


(*)-«) 


This  equation  has  an  advantage  over  tli« 
equation  (2),  in  that  the  variable  coefficient 

This  empirical  equation  will  give  apprnximat< 

equation   (2)   for  those  value  which  an  use 

in  engineering  practice,  namely,  for  values  of 

16.    Empirical  Formula   for  Lost  ll<  \d 
lost  head  caused  by  the  orifice  may  be  an  impoi 
tion  of  tin1  orifice  to  be  used,  or  even  in 
method  of  measuring  the  discharge,  it  i^  important  I 
tion  between  the  drop  in  pressun  d  the  lost  hen 

the  "ii  the  right  red  th( 

the  loss  <lue  to  pipe  friction  within  the  l«'i 
i  ions. 

The  resulti  of  the  experiment 
that  the  rational  expression,  equation     3     p 

tie-  ratio      Lb  large  but 

ae    ^decreases,  until  for  /     1.2  the 

(I  u 

l   about    ■'>    per  rent    l« 

periment    In  arriving  si  tl 

ai  determined  from  tl  *nc* 
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as  shown  in  Table  4  were  used  in  the  rational  expression  and  the  coef- 
ficients of  contraction  employed  were  derived  assuming  a  coefficient 
of  velocity  of  0.98. 

Equation  (3)  is  too  complicated  an  expression  to  be  used  readily 
in  computing.  A  simpler  expression  for  the  lost  head  and  the  dis- 
charge is  given  by  the  empirical  equation 

A„=0.0366^[(§)2-^]2.°V2         ....       (7) 

in  which  F  is  a  factor  depending  on  the  size  of  pipe  and  having  the 
values  0.98  for  4-inch  pipe,  1.02  for  6-inch  pipe  and  1.04  for  12-inch 
pipe.    This  expression  gives  lost  heads  correct  within  about  2  per  cent 

except  when  — 7  is  less  than  1.5.  For  —  =1.2  the  expression  gives  results 
a  a 

about  3  per  cent  too  small. 

A  convenient  expression  for  determining  the  lost  head,  having 

given  the  drop  in  pressure  head,  is  given  by  the  equation 

\(Dy      d_V02 
hfl  =  0.Mhb     ^A^ R±^i99  =  Jhh    ...     (8) 

The  values  of  J  in  the  foregoing  equation  for  given  values  of  hn 
are  shown  by  the  curve  in  Fig.  11. 

17.  Choice  of  Orifice. — The  choice  of  the  size  of  orifice  to  be 
used  under  given  conditions  may  depend  upon  four  factors,  the  rate 
of  flow  in  the  pipe,  the  lost  head  that  may  be  allowed,  the  desired 
precision  of  the  discharge  measurement,  and  the  maximum  drop  in 
pressure  head  which  the  differential  gage  will  register.  Table  6  which 
shows  approximate  values  of  the  drop  in  pressure  head  and  the  lost 

head  for  several  velocities  and  values  of  —r  is  intended  to  be  of  assist- 

d 

ance  in  estimating  the  size  of  orifice  best  adapted  to  particular  re- 
quirements.    In  Fig.  12  the  drop  in  pressure  head  for  various  ratios 

of  —.  is  given  in  terms  of  the  lost  head. 
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Table  6 

Approximate  Values  of  Drop  in  Pressure  and  Lost  Head 

hb  =  drop  in  pressure  head  in  feet;  /j,a  =  lost  head  in  feet 


D 

D 

D 

D 

D 

D 

=  1.2 

=  1.5 

=  2.0 

=  2.5 

=  3.0 

=4.0 

d 

d 

d 

d 

d 

d 

V 

hb 

K 

hb 

K 

hb 

K 

hb 

K 

K 

K 

h 

K 

0.2 

0.43 

0.39 

0.5 

0.16 

0.12 

0.41 

0.33 

0.86 

0.73 

2.7 

2.5 

1 

0.17 

0.09 

0.64 

0.46 

1.6 

1.3 

3.4 

2.9 

10.8 

9.8 

2 

0.66 

0.36 

2.6 

1.9 

6.5 

5.3 

14 

12 

43 

39 

3 

0.37 

0.12 

1.5 

0.8 

5.8 

4.2 

15 

12 

31 

26 

4 

0.65 

0.21 

2.6 

1.4 

10 

7 

26 

21 

55 

47 

5 

1.0 

0.3 

4.1 

2.3 

16 

12 

41 

33 

6 

1.6 

0.5 

5.9 

3.2 

23 

17 

59 

48 

10 

4.1 

1.3 

17 

9 

64 
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the  lost  head  is  not  an  important  factor,  it  is  best  that  the  drop  in 
pressure  head  be  greater  than  1.0  ft.  so  that  the  relative  error  of 
measurement  will  be  small,  but  the  indications  are  that  gage  heights 
as  small  as  0.2  ft.  may  be  measured  with  good  results,  provided  the 
observer  is  experienced.  Reliable  observations  may  be  taken  with  an 
orifice  having  a  diameter  two-thirds  that  of  the  pipe,  but  the  probable 
error  of  reading  the  gage  is  likely  to  be  several  times  what  it  is  for  the 
smaller  orifices,  even  though  the  gage  be  carefully  throttled.  An 
orifice  having  a  diameter  much  greater  than  two-thirds  that  of  the 
pipe  should  not  be  used  except  for  approximate  discharge  measure- 
ments. 

As  an  illustrative  example  let  it  be  required  to  measure  the  rate 
of  discharge  through  an  8-inch  pipe  the  velocity  in  which  varies 
during  the  day  through  a  large  range,  say  from  about  1  to  6  ft.  per 
sec.  Should  the  pipe-orifice  method  be  used  and,  if  so,  what  size  of 
orifice  should  be  installed?     From  Table  6  it  will  be  noted  that  for 

—  =2  the  drop  in  pressure  head  is  0.64  ft.  for  a  velocity  of  1  ft.  per  sec. 

in  the  pipe,  with  a  lost  head  of  0.46  ft.  Likewise  the  drop  in  pres- 
sure head  is  23  ft.  for  a  velocity  of  6  ft.  per  sec.  with  a  lost  head  of 
17  ft.  Assuming  that  a  lost  head  of  10  ft.  is  the  greatest  that  should 
be  allowed  and  that  both  a  water  gage  and  a  mercury  gage  would  be 
used  for  a  range  in  drop  of  pressure  head  of  23  ft.,  it  is  seen  that  an 
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orifice  larger  than  4  in.  should    be  selected      Ol  -4  » 
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range  of  -3-,  may  be  obtained  directly.  The  calculation,  however, 
from  equations  (4)  and  (5)  and  Tables  6  and  7  is  very  simple. 

To  determine  the  lost  head,  having  given—  and  the  drop  in 
pressure  head,  use  equation  (8),  p.  36. 

19.  Errors  and  Precautions. — In  the  use  of  a  flow  measuring 
device  it  is  important  to  know  the  source  of  the  errors  likely  to  be 
met  and  to  know  the  precautions  and  limitations  which  if  observed 
will  help  to  reduce  the  errors. 

It  is  important  that  the  edges  of  the  orifices  be  sharp  and  square. 
The  orifice  plates  in  the  present  tests  were  3/16  inch  thick,  but  there 
is  no  reason  for  believing  that  the  coefficients  derived  from  the  ex- 
perimental data  would  not  apply  equally  well  to  orifices  in  plates  of 
lesser  thickness. 

The  orifice  should  be  placed  in  a  region  where  there  is  approxi- 
mately uniform  flow.  This  will  necessitate  the  pipe  upstream  from 
the  orifice  being  straight  and  free  from  abrupt  changes  in  cross-sec- 
tional area  for  10  diameters  or  more. 

On  account  of  the  possibility  of  small  openings  becoming  clogged 
it  seems  inadvisable  to  use  gage  connections  having  a  diameter  less 
than  !/4  inch,  particularly  for  permanent  installation. 

It  is  important  that  all  burr  be  removed  and  also  that  the  nipple 
does  not  protrude  beyond  the  inner  surface  of  the  pipe ;  for  small  pro- 
jections, by  altering  flow  conditions,  are  likely  to  produce  a  systematic 
error  of  considerable  magnitude  in  the  gage  readings. 

For  -j  equal  to  2.0  or  greater  a  single  nipple  at  each  section  will 

be  sufficient.  Although  in  the  tests  from  which  the  coefficients  of 
discharge  were  derived  the  sections  at  which  nipples  were  placed  were 
0.8  D  upstream  from  the  orifice  and  0.4  D  downstream  from  the  ori- 
fice, these  distances  may  be  altered  somewhat  without  appreciably 
changing  pressure  conditions.    (See  Fig.  3,  p.  20). 

For  -7  less  than  2.0  two  opposite  nipples  at  each  section  produce 

more  reliable  gage  readings  than  do  the  single  nipples,  the  pair  at 
each  section  being  joined  together  as  illustrated  in  Fig.  4,  p.  23. 
The  indications  are  that  the  distance  from  the  orifice  to  the  section 
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downstream  from  the  orifice  may  not  be  appreeiafa  I 
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the  orifice  should  not  be  Less  than  0.8  D.    « to 

this  latter  distance  should  not  greatlj  I  0.8 /),  j 

high  velocities. 

A  differential  of  the  LJ-tube  type,  similar  t<>  I 

Pig.  5,  p.  24,  answers  all  the  requirements,  is  simple 
may  be  used  with  mercury  or  water.  1  be 

graduated  to  0.01  ft.  and  the  graduations  should 
gage  tubes.    For  flushing  th<  i  and  tl 

regulating  the  height  of  the  air  columns  when  water 
there  should  be  a  pel  cock  at  the  end 
for  throttling  the  should  be 

tubes  as  shown  in  Pig. 

A  gage  thai  may  be  quickly  constructed  in  an  • 
the  essential  parts  of  which  are  easily  obtainable  and  readih 
i-  shown  in  Pig.  13.    The  glas  ed  not 
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long.  The  piece  of  rubber  tubing  connecting  the  glass  tubes  makes  it 
possible  to  adjust  the  relative  height  of  the  tubes  to  suit  the  drop  in 
pressure  head.  The  gage  may  be  fixed  to  an  ordinary  leveling  rod  or 
may  be  fixed  to  a  plain  board  and  the  gage  height  measured  with  the 
ordinary  pocket  rule.  This  form  of  gage  is  not  suitable  for  high 
pressures  on  account  of  the  difficulty  of  making  tight  joints. 

If  the  pressure  openings  are  in  the  upper  side  of  the  pipe,  it  is 
important  that  provision  be  made  for  removing  air,  which  is  likely 
to  become  pocketed  on  either  side  of  the  orifice  and  in  the  gage  con- 
nections, without  forcing  it  through  the  hose  or  pipe  connecting  the 
pressure  openings  with  the  gage.  If  there  are  no  pressure  openings 
in  the  upper  side  of  the  pipe,  pet  cocks  should  be  inserted.  When 
opposite  openings  are  inserted  at  each  section  provision  should  be 
made  for  ascertaining  whether  or  not  the  tubes  are  free  from  ob- 
struction and  full  of  water.  Fig.  4,  p.  23,  illustrates  an  arrangement 
of  valves  and  pet  cocks  which  makes  this  possible. 

Preliminary  to  taking  observations,  with  water  flowing  in  the 
pipe,  all  cocks  should  be  opened  and  the  pipe  and  gage  connections 
should  be  flushed.  It  is  important  that  there  should  be  no  air  in  the 
pipe  in  the  vicinity  of  the  orifice,  nor  in  the  gage  connections,  for  the 
presence  of  air  is  likely  to  change  radically  the  gage  reading. 

If  the  foregoing  precautions  are  observed  under  favorable  condi- 
tions, the  rate  of  discharge  as  measured  by  a  pipe  orifice  should  be 
accurate  within  2  per  cent.  This  means  compares  favorably  with  many 
other  methods  of  measuring  water.  For  unfavorable  conditions  the 
accuracy  of  the  method  will  be  as  great  as  with  most  other  methods 
under  similarly  unfavorable  conditions. 


THE  PIPE  ORIFICE   fOB   MEASUW 


IV.     Effect  of  Deviation  prom  -       dabd  C 

20.  General  Remarks.     With  the  possibilities  of  Ql  -  the 

relation  between  drop  in  prcfi  ad  discharj  lining  I 

rate  of  discharge  through  a  pipe  Line  in  mind,  it   is  in  nat 

something  should  be  known  concerning  th< 

from  the  standard  conditions  under  which  * 

in  the  arrangement  or  design  of  the  apparatus  or  in  tl. 

handling  the  apparatus.    To  this  end  1 

with  gage  connections  full.  -.1  an. I  then  with  gage  thr> 

with  a  single  gage  connection  a1  each  section,  first  wit 

inserted  in  tin-  upper  side  of  the  pipe  and  then  in  the  DJ 

with  14-inch  eccentricity  between  centei  !i<-«'  an* 

first  witli  a  single  nipple  at  each  section,  and  then  with  I 

connection  of  two  opposite  nipples  at  each  section,     \    with 

i>.\el-edged  orifices,  the  bevel  facing  upstream 

21.  Throttling.     -The    purpose    Of    throttling 

effect  of  momentary   pleasure  fluctuation 
constant  discharge,  the  fluid  in  the  columns  of  1 
to  remain  in  a  aearly  stationary  position,    Tl 

that  for  values  of      .-  of  -  or  when  I 

a 

surges  along  the  pip.-  lin.'  (such  aa  might  kx 

there  is  no  appreciable  reduction  in  tl  -      sgi   I 
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quickly,  a  gage  reading  taken  immediately  after  is  not  likely  to  rep- 
resent the  mean  difference  in  pressure  head. 

Briefly  summed  up,  the  experience  of  the  observers  warrants  the 
following  suggestions : 

(1)  Throttle  only  when  necessary,  which  in  general  will 
be  for  values  of  -j  less  than  2,  unless  there  are  systematic  surges 

along  the  pipe  line. 

(2)  Throttling  too  much  is  often  worse  than  not  throttling 
at  all,  particularly  if  the  rate  of  discharge  is  variable.  Accurate 
observations  may  be  taken  when  there  is  a  considerable  fluctuation 
in  the  heights  of  the  gage  columns. 

(3)  When  throttling,  best  results  are  to  be  obtained  if  the 
throttle  cocks  are  opened  prior  to  each  observation  and  simul- 
taneously and  slowly  closed  the  desired  amount.  It  is  important 
that  there  should  be  no  leaks  in  the  gage  connections.  A  leakage 
of  a  few  drops  per  minute  from  the  throttle  cock  is  likely  to 
produce  a  large  error  in  gage  reading. 

(4)  When  using  the  water  gage,  observations  may  be  most 
nearly  accurately  taken  when  the  gage  is  so  throttled  that  the 
two  water  columns  fluctuate  the  same  amount  and  in  unison.  In 
general  this  arrangement  will  require  that  the  gage  column  con- 
nection for  the  section  of  greatest  contraction  be  throttled  more 
than  that  for  the  section  of  beginning  of  convergence. 

22.  Position  and  Number  of  Gage  Connections. — The  tests  to 
determine  the  effect  of  the  position  and  number  of  gage  connections 
warrant  the  following  statements : 

(1)  If  the  orifice  is  concentric  with  the  pipe,  a  change  in  the 
circumferential  position  of  the  pipe  nipples  inserted  at  the  section 
of  beginning  of  convergence  and  the  section  of  greatest  contrac- 
tion will  cause  no  variation  in  gage  readings.  If  only  one  nipple 
is  to  be  inserted  at  each  section,  there  is  an  advantage  in  placing 
it  in  the  under  side  of  the  pipe  if  air  is  present  in  the  discharge, 
and  in  the  upper  side  of  the  pipe  if  sediment  is  being  carried. 

(2)  For  -r  equal  to  2  or  more  there  is  no  material  advantage 
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of  greatest  contraction  be  placed  nearer  the  orifice  than  four-tenths 
the  diameter  of  the  pipe. 

24.  Bevel-edged  Orifices. — The  method  of  conducting  tests  with 
bevel-edged  orifices  was  identical  with  that  used  in  determining  the 
relation  between  drop  in  pressure  and  discharge  for  thin  square-edged 
orifices.  Tests  were  made  on  4-inch  and  6-inch  pipe  with  five  sizes  of 
orifice  for  each  size  of  pipe.  For  each  of  the  two  series  of  tests  the 
ratios  of  diameter  of  pipe  to  diameter  of  orifice  were  1.22,  1.52,  2.03. 
3.04,  and  6.08. 

The  orifices  were  cut  in  3/16-inch  plates  with  the  upstream  edge 
on  a  45-degree  bevel.  The  thickness  of  metal  at  the  small  diameter 
of  each  orifice  was  1/32  inch,  and  the  large  diameter  was  5/16  inch 
greater  than  the  small  diameter. 

In  instituting  the  tests  the  thought  was  that  the  effect  of  the 
beveled   edge  might   go   to   produce   a   coefficient   of   discharge   less 

affected  by  small  changes  in  —  as  the  diameter  of  the  orifice  approaches 

Km 

that  of  the  pipe,  and  thus  make  it  practicable,  with  high  velocities,  to 
use  a  larger  sized  orifice  than  the  experiments  with  thin-plate  orifices 
indicate  may  be  used  with  precision. 

Table  7 
Coefficients  of  Discharge  for  Bevel-Edged  Orifices — C 


D 

Coef.  of  Discharge 

CD    C 
Q,  C 

^5 

Coef.  of  Discharge 

d 

/i6  =  0.01 

&6-0.1 

hb=i.o 

hb  =  io 

hb~5Q 

/l6  =  0.01 

hb=o.i 

hb=i.o 

hb=io 

hb=50 

1.22 
1.52 
2 .  03 
3.04 

6.08 

a 

0.870 
0.802 
0.773 
0.753 
0.756 

0.852 
0.784 
0.759 
0.741 
0.750 

0.832 
0.765 
0.745 
0.730 
0.745 

0.811 
0.747 
0.731 
0.718 
0.739 

0.800 
0.738 
0.724 
0.713 

0.737 

a 

CO 

0.8.?0 
0.762 
0.735 
0.735 
0.746 

0.813 
0.744 
0.722 
0.724 
0.740 

0.795 
0.727 
0.709 
0.713 
0.735 

0.775 
0.709 
0.696 
0.702 
0.729 

0.764 
0.701 
0.690 
0.697 
0.727 

The  coefficients  of  discharge,  deduced  from  discharge  curves 
similar  to  those  of  Figs.  6  and  7,  pp.  28  and  29,  are  shown  in  Table  7. 
A  comparison  of  these  coefficients  with  corresponding  values  in  Table 
4,  p.  30,  will  show  that  the  effect  of  beveling  has  been  materially  to  in- 
crease the  coefficients  of  discharge  and  also  to  produce  a  coefficient  of 
discharge  that,  as  the  drop  in  pressure  head  increases  and  as  the  size 
of  pipe  increases,  decreases  much  more  rapidly.    In  Fig.  14  the  coeffi- 
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still  further  emphasize  the  extreme  variability  of  the  coefficients  of 
discharge  under   consideration.     As   an  offset   to   these   undesirable 

D 
d 

is  less  than  2,  there  is  considerably  less  variation  in  the  coefficient 
of  discharge  for  the  bevel-edged  orifice  than  for  the  square-edged 

orifice.    This  statement  is  especially  true  for  values  of  -=■  less  than  1.5, 

where  the  rate  of  change  for  the  bevel-edged  orifice  is  about  two- 
thirds  that  for  the  square-edged  orifice. 

It  is  worth  noting  that  the  coefficient  of  discharge  for  each  orifice 
approaches  that  for  the  corresponding  square-edged  orifice  as  the 
drop  in  pressure  head  increases,  and  that  the  rate  of  this  increase  be- 
comes greater  as  -j  decreases  and  becomes  greater  as  the  diameter  of 

the  pipe  increases.    For  example,  for  the  4-inch  pipe  and  -j  =2.03  the 

variation  between  the  two  coefficients  of  discharge  is  17  per  cent  when 
/i&=0.1   ft.  and  15   per  cent  when  fo&=50   ft. ;   for  the   6-inch  and 

-j  =2.03  the  variation  is  14  per  cent  when  /i?=0.1  ft.  and  12  per  cent 

when  /i&=50  ft. 

A  study  of  the  observations  indicates  that  the  accidental  errors 
of  reading  the  gage  are  about  the  same  for  the  bevel-edged  orifice  as 
for  the  square-edged  orifice.  The  systematic  errors,  however,  or  those 
which  will  not  be  eliminated  by  increasing  the  number  of  observations, 
are  those  to  which  most  attention  must  be  given ;  and  among  the  sources 

of  systematic  error  when  -r-  is  small,  that  source  most  likely  to  be  pro- 
ductive of  the  greatest  error  in  the  computed  discharge  under  the  con- 
ditions of  ordinary  practice  seems  to  be  in  the  determination  of  the 

ratio  -y     Since  for  small  values  of  —  the  coefficient  of  discharge  for 

bevel-edged  orifices  varies  less  for  a  given  change  in  -j  than  does  the 
coefficient  for  square-edged  orifices,  it  seems  reasonable  to  believe  that 
for  values  of  —  less  than  1.5  there  may  be  a  slight  advantage  in  using 


THE  i-ii'i:  orifh  i  m 

the  bevel-edged  orifice,   although   the   present 
sufficiently  comprehensive  to  confirm  fully  this  be: 
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V.     Summary 

25.  General  Applicability  of  Pipe  Orifice  Method. — The  fore- 
going discussion  has  shown  that  the  thin-plate  orifice  inserted  in  a 
pipe  may  be  used  with  confidence  for  measuring  the  discharge  of  water 
through  pipes.  Like  nearly  all  methods  of  measuring  water  it  is 
subject  to  some  limitations  although  it  helps  to  fill  a  growing  need 
which  has  been  partly  filled  by  the  pitometer  and  by  the  injection  of 
chemicals.  The  pipe  orifice  is  in  effect  a  portable  Venturi  meter,  the 
disadvantage  of  the  pipe  orifice  being  the  relatively  large  lost  head 
caused  by  the  obstruction  of  the  orifice  plate ;  however  since  the  pipe 
orifice  method  is  probably  best  adapted  to  temporary  use  the  lost 
head  may  in  general  be  unimportant.  In  a  long  pipe  line  also  the 
lost  head  caused  by  the  orifice  would  be  relatively  small.  Cases  in 
which  the  pipe  orifice  should  be  of  particular  value  have  already  been 
suggested  in  the  introduction. 

Although  all  the  deductions  and  conclusions  given  in  this  sum- 
mary apply  to  the  measurement  of  water,  attention  should  be  called 
to  the  fact  that  the  pipe  orifice  is  adapted  to  measuring  the  discharge 
of  air,  gas,  and  steam  through  pipes. 

26.  Conclusions. — The  following  points  are  important  as  a  guide 
to  the  proper  use  of  the  pipe  orifice  method  of  measuring  the  discharge 
of  water  through  a  pipe : 

(1)  The  two  sections  of  the  pipe  between  which  change  in 
pressure  head  may  be  most  reliably  determined  are  the  section  at 
which  normal  flow  is  discontinued  and  the  stream  begins  to  con- 
verge as  it  approaches  the  orifice  and  the  section  of  greatest  con- 
traction of  the  jet  after  it  leaves  the  orifice.  Regardless  of  the 
size  of  pipe,  for  all  sizes  of  orifice  which  it  is  feasible  to  use,  the 
distance  from  the  plane  of  the  orifice  to  the  section  of  beginning 
of  convergence  may  be  taken  as  eight-tenths  the  pipe  diameter, 
and  the  distance  to  the  section  of  greatest  contraction  as  four- 
tenths  the  pipe  diameter  (section  11,  p.  21). 

(2)  The  drop  in  pressure  head  between  these  two  sections 
is  greater  than  that  to  be  found  for  any  other  two  sections  near 
the  orifice. 
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are  likely  to  be  obtained  if  the  diameter  of  the  orifice  is  not  greater 
than  one-half  that  of  the  pipe. 

(8)  For  orifices  having  a  diameter  greater  than  one-half 
that  of  the  pipe  the  use  of  two  opposite  pressure  openings  at  each 
section  is  important  because  of  the  probability  of  the  orifice  being 
somewhat  eccentric  with  the  pipe,  unless  greater  care  is  taken  in 
placing  the  orifice  than  will  usually  be  found  practicable  (sections 

22,  p.  44,  and  23,  p.  45).     Systematic  errors  of  observing  may  be 
greatly  reduced  by  proper  throttling   (section  21,  p.  43). 

(9)  The  coefficient  of  discharge  for  bevel-edged  orifices  is 
a  much  more  variable  quantity  and  is  materially  greater  than  the 
coefficient  of  discharge  for  thin  square-edged  orifices.  The  use  of 
the  bevel-edged  orifice  seems  not  to  be  practicable,  except  for 
approximate  measurements  when  the  orifice  diameter  is  greater 
than  two-thirds  of  the  pipe  diameter  (section  24,  p.  46). 


LIS!    • 

PUBLICATIONS  OF   THE   ENGINEERING  BXPERIIfENI    BTAT* 

Bulletin  No.  1.     Testa  of  Reiaforwd  <  "n.rete  Beams,  by  Arthur  \.  Tblwt,    1XH.    v  —  -t-n'sHr 

Circular  No.  1.     High-Speed  Tool  B*  -,  ^  — --'ttfr 

Bulletin  No.  S.     Tests  of  HigL-SfH'd  Tool  Steel*  on  Ca-  IP    U~±—+i—  %9a  n~.. 
B.  Dirks.      1905.      \one  available. 

Circular  No.  S.     Drainage  of  Earth  Road*,  bf  I 


Circular  \o.  .5      Fuel  Ttmtm  with  Illinois  Coal  (C  temu  mada  by  tba  T 

Branch  of  the  U.  S.  G.  S..  at  the  St.  Louis,  M  .<  Plant.  1904 

and  Paul  Diserena       1908.      Thirty  cents. 

Bulletin  No.  S.     The   Engineering  Experiment    - 
Breckenridge.     1906.     None  available. 

Bulletin  No.  4-     Testa  of   Reinfor.d  Concrete   Be  Arthur   N     TsJbo*. 

1900.      Forty-five  cents. 

Bulletin  No.  5.     Resistance  o  Collapse,  b\  -  man  and  U  906 

None  available. 

Bulletin  No.  6.     Holding  Power  of  Railroad  Spikr«.  '     hber.      1900.     A'«M  srailalfi. 

Bulletin  No.  7.     Fu.-l  Tests  with  Illinois  Coala,  by  I.    P    ! 
Dirks.      190ti.      None  available. 

Bulletin  No.  3.     Testa  of  (  .       -  1906 

available. 

Bu  -yatein  of  <'L».  i  lb* 

Engineering   Industries,   by    L.    P.    Bre<  k.-nridgc  ai. 
1912.      Fifty  cents. 

Bulletin  No.  10.  Tests  of  inforoed  '  -tku* 

N.  Talbot.      1907.      None  available. 

Bulletin  No.  11.1 
Tubes,  by  Edward  C.  Schmidt  and  John  V  .taxlabU. 

Bulletin  No.  It.  Teats  of   1:  la  of  1906.  b>  U* 

1907.     None  available. 

Bulletin  No.  IS.   A  isnnratioo  Appttod  to  Krtbs- 

re  and  Building,  by  N.  Clifford  Eli  ible 

Bulletin  No.  14-  Tests  of    i: 

1907.  None  available. 

Bulletin  No    15.    Bo*    10    Hum     Illinois   Coal     without    BBmI 
None  available. 

Bull,tm  No.  Id.   A  Study  of  Roof  Truam*.  I  ■"* 

Bulletin  No.  17.    I  ..-ring  of  Coal.  I)    Hamilton,  and  W.  K    Waaatar 

1908.  None  available. 

Bulletin  No    IS.   'I  '•** 

Forty  cents. 

Bulletin  ■**>    •*«*    Ta»Uhu»    flUNtl 

-.  by  T    H    Arnrih-       1008.      MtM    •    nlabU. 

Bulletin  No.  go.    1  rtio  Column*.  Sartoa  of  1907.  by  Artbu* 

N.  Talbot       101  itailable. 

Bulletin  No.  tl.   Teats  of  a  I  :«ooaodt  *ad      1906.      P\*~k 

cents. 

Bulletin  No.  St.  Teat*  lofofoad  Coorrata  Cttlrsrt  Plpa,  b>  1*66. 

l'Xl^         A^OIM   OMtJaOb. 

BuUrtin  No    t3     \  "bod    9UMM.    I  1881 

Ps/Ucn  cents. 

•Bulletin  So    t.     Th-  Modih.-atioiiuf  08*0*1  Ood      fU«1  I>b)l8k*l«.  b>  - 

Bulletin  So    t:,.  •■inllj    BtftMl  PlaSJla    b|    I     II 

Twenty  cents. 


•  v  Irtin*  aLarr*d  »'•  • 


54  PUBLICATIONS   OF   THE    ENGINEERING    EXPERIMENT   STATION 

Bulletin  No.  26.  High  Steam-Pressure  in  Locomotive  Service.  A  Review  of  a  Report  to  the 
Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.     1908.     Twenty-five  cents. 

Bulletin  No.  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  Arthur  N.  Talbot 
and  Duff  A.  Abrams.     1909.     Twenty-five  cents. 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by  Arthur  N.  Talbot. 
1909.     Fifteen  cents. 

Bulletin  No.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web  Stresses,  Series  of 
1907  and  1908,  by  Arthur  N.  Talbot.     1909.     Forty-five  cents. 

*Bulletin  No.  SO.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Producers,  by  J.  K.  Cle- 
ment, L.  H.  Adams,  and  C.  N.  Haskins.     1909.     Twenty-five  cents. 

*Bulletin  No.  31.  Tests  with  House-Heating  Boilers,  by  J.  M.  Snodgrass.  1909.  Fifty-five 
cents. 

Bulletin  No.  S2.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry  Barker.  1909.  Fifteen 
cents. 

Bulletin  No.  S3.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell.     1909.     Twenty  cents. 

*Bulletin  No.  34.  Tests  of  Two  Types  of  Tile-Roof  Furnaces  under  a  Water-Tube  Boiler,  by  J.  M. 
Snodgrass.     1909.     Fifteen  cents. 

Bulletin  No.  35.  A  Study  of  Base  and  Bearing  Plates  for  Columns  and  Beams,  by  N.  Clifford 
Pucker.     1909.     Twenty  cents. 

Bulletin  No.  36.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,  by  J.  K.  Clement 
and  W.  L.  Egy.     1909.     Twenty  cents. 

Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr  and  W.  F.  Wheeler. 
1909.     None  available. 

Bulletin  No.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler.  1909.  Twenty- 
five  cents. 

*Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney.  1909.  Seventy- 
five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland.     1910. 

Ten  cents. 

Bulletin  No.  41.  Tests  of  Timber  Beams,  by  Arthur  N.  Talbot.     1910.     Thirty-five  cents. 

*Bulletin  No.  42.  The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Herbert  F.  Moore.  1910. 
Ten  cents. 

Bulletin  No.  43.  Freight  Train  Resistance,  by  Edward  C.  Schmidt.     1910.     Seventy-five  cents. 

Bulletin  No.  44.  An  Investigation  of  Built-up  Columns  under  Load,  by  Arthur  N.  Talbot  and 
Herbert  F.  Moore.     1911.     Thirty-five  cents. 

^Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert  L.  Whittemore.  1911. 
Thirty-five  cents. 

*Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and  F.  W.  Kressman. 
1911.     Forty- five  cents. 

*  Bulletin  No.  47.  Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B.  Stephenson.  1911.  Twen- 
ty-five cents. 

^Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by  Arthur  N.  Talbot 
and  Melvin  L.  Enger.     1911.     Forty  cents. 

*Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot  and  Herbert  F.  Moore. 
1911.      Thirty  cents. 

^Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and  A.  P.  Kratz.     1912. 

Fifty  cents. 

Bulletin  No.  61.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.     1912.     Thirty-five  cents. 

^Bulletin  No.  62.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert  F.  Moore.  1912. 
Fifteen  cents. 

^Bulletin  No.  68.  Inductance  of  Coils,  by  Morgan  Brooks  and  H.  M.  Turner.     1912.     Forty  cents. 

^Bulletin  No.  64.  Mechanical  Stresses  in  Transmission  Lines,  by  A.  Guell.     1912.     Twenty  cents. 

*Bulletin  No.  65.  Starting  Currents  of  Transformers,  with  Special  Reference  to  Transformers  with 
Silicon  Steel  Cores,  by  Trygve  D.  Yensen.     1912.     Twenty  cents. 

^Bulletin  No.  56.  Tests  of  Columns:  An  Investigation  of  the  Value  of  Concrete  as  Reinforcement 
for  Structural  Steel  Columns,  by  Arthur  N.  Talbot  and  Arthur  R.  Lord.     1912.     Twenty-five  cents. 

^Bulletin  No.  67.  Superheated  Steam  in  Locomotive  Service.  A  Review  of  Publication  No.  127 
of  the  Carnegie  Institution  of  Washington,  by  W.  F.  M.  Goss.     1912.     Forty  cents. 


*A  limited  number  of  copies  of  bulletins  starred  is  available  for  free  distribution. 


PUBLICATIONS    Of    THK 

*Bulletin  So.  58.  A   New   Analysis  of  the  Cylir.  rmtocc  of   K'-riproralin*   Enrince.  bv 

J.  Paul  Clayton.      1912.     Sixty  cenU. 

*BulUtin  So.  r,0.  The  Effect  of  Cold  W  distance  and  Tonnage  Rating   by 

Edward  C.  Schmidt  and  P.  W,  Marquis.      1912.      Twenty  cents 

Bulletin  So.  60.  The  Coking  of  Coal  at  Low  Tcmperntur. -*.   with  a  Preliminary  Study  of  the 
By-Products,  by  B.  W.  Parr  and  H.  L  I  »hn 

*Bulletin  So.  61.  Char-  and  Limitati'  Series  Transformer.  I    Anderson 

and  11    l!    WToodroW.      1913.      Twenty-five  cents. 

Bulletin  So.  6t.  The  Electron  T  Magnetism,  by  Line  r  H    W  i.liams.      1913       T^i-ty-fits 

cents. 

Bulletin  So.  63.   F^ntropy-Temperature  and  Transmission  Diagrams  fur  heeds. 

1913.      Tuenty-fire  cents. 

*Bulletin  A       •         I    -•-     :'  Reinforced  Concrete  Buildings    under  Load.  Talbot  end 

Willis  A-  Slater.     1013.     Fifty  cents. 

*Bullftin  sumption  of  Ixx-omotive  Engine*  \ior  Ihagrams, 

by  J.  Paul  Clayton.      1913.      Forty  cents. 

Bulletin  So.  86.  The  Proper  -ated  Ammonia  Vapor.  I  >ood- 

enough  and  William  Earl  Mosher.      1913.     Fifty  cents. 

Bulletin  So.  67.  Reinforced  Concrete  • 

1913.  Fifty  cents. 

Bulletin  So.  68.  The  Strength  of  I-Beams  in   Flexure.  Trent* 

cents. 

Bulletin  So.  69.  Coal  Washing  in  Ilh  ty  cents. 

Bulletin  So.  70.   The  Mortar-Making  •  ««■% 

cents. 

Bulletin  So.  71.  Tests  of  Bond  rmms       1914.     On* 

dollar. 

*  Bulletin  No    72.    M  r»  Vacuo,  by  Trygre 

I)    Venaen.      1914.      Forty  cents. 

Bulletin  So.  73.  Acou  *v  cents. 

*BuIUtin  So.  74.  1  N-sistance  of  a  H  1914. 

•ity-fite  cents. 

Bulletin  So.  75.  '1  >•/•»•  eealt. 

Bulletin  So.  76.  T  -is  of  Coal  with  ^dlejr. 

1914.  Twenty-fit e  cents. 

*Hulhtin  Properties  of  EWt- 

Iron  D    V- t.  'i  cents 

*B  irtyfitmc****. 

•Bu  Unoem  to  the  Prop- 

Tteentyfite  eents 

Bu 
Q.  A.  Ml  Fifty  cents. 

Jiu  ruperatun-   041   U.<    Strength  of  Coner- • 

1915 

Bulletin  So.  Si.    I 

*Hu  pertlea  of  Iron  SOfaoa  ■•%  by 

Tryst 

IX  Teat*  r*t*  FUt  Sla»  i  aaVot  and 

\v     \ 

-trength  and  Stiff neae  of  Steal   under  Biaxial  Losdii  |  r    Sealer 

■!  I  Heami  t&>l  Moore  s*  ■**■■■ 

:  at  lUtoo*  Miora.  I  4br*eA      Itlt 


56  PUBLICATIONS   OF   THE    ENGINEERING    EXPERIMENT    STATION 

*Bu!letin  No.  89.     Specific  Gravity  Studies  of  Illinois  Coal,  by  Merle  L.  Nebel.     1916.     Thirty 

cents. 

*Bulietin  No.  90.     Some  Graphical   Solutions  of  Electric   Railway  Problems,   by  A.  M.  Buck. 

1916.  Twenty  cents. 

Bulletin  No.  91.     Subsidence  Resulting  from  Mining,  by  L.  E.  Young  and  H.  H.  Stoek.     1916. 
None  available. 

*Bulletin  No.  92.  The  Tractive  Resistance  on  Curves  of  a  28-Ton  Electric  Car,  by  E.  C.  Schmidt 
and  H.  H.  Dunn.      1916.      Twenty-five  cents. 

^Bulletin  No.  93.  A  Preliminary  Study  of  the  Alloys  of  Chromium,  Copper,  and  Nickel, ",by 
D.  F.  McFarland  and  O.  E    Harder.     1916.     Thirty  cents. 

*Bulletin  No.  94-     The  Embrittling  Action  of  Sodium  Hydroxide  on  Soft  Steel,  by  S.  W.  Parr 

1917.  Thirty  cents. 

*Bulletin  No.  95.  Magnetic  and  Other  Properties  o  fir  on- Aluminum  Alloys  Melted  in  Vacuo,  by 
T.  D.  Yensen  and  W.  A.  Gatward.     1917.     Twenty-five  cents. 

*Bulletin  No.  96.  The  Effect  of  Mouthpieces  on  the  Flow  of  Water  through  a  Submerged  Short 
Pipe,  by  Fred  B  Seely.     1917.     Twenty-five  cents. 

Bulletin  No.  97.  Effects  of  Storage  upon  the  Properties  of  Coal,  by  S.  W.  Parr.  1917.  Twenty 
cents. 

*Bulletin  No.  98.  Tests  of  Oxyacetylene  Welded  Joints  in  Steel  Plates,  by  Herbert  F.  Moore 
1917.      Ten  cents. 

Circular  No.  4-     The  Economical  Purchase  and  Use  of  Coal  for  Heating  Homes,  with  Special 
Reference  to  Conditions  in  Illinois.     1917.     Ten  cents. 

*Bulletin  No.  99.     The  Collapse  of  Short  Thin  Tubes,  by  A.  P.  Carman.     1917.     Twenty  cents. 

*Circular  No.  5.  The  Utilization  of.Pyrite  Occurring  in  Illinois  Bituminous  Coal,  by  E.  A. 
Holbrook.     1917.     Twenty  cents. 

*Bulletin  No.  100.  Percentage  of  Extraction  of  Bituminous  Coal  with  Special  Reference  to 
Illinois  Conditions,  by  C.  M.  Young.     1917. 

*Bulletin  No.  101.  Comparative  Tests  of  Six  Sizes  of  Illinois  Coal  on  a  Mikado  Locomotive, 
by  E.  C    Schmidt,  J.  M.  Snodgrass,  and  O.  S.  Beyer,  Jr.     1917.     Fifty  cents. 

*Bulletin  No.  102.  A  Study  of  the  Heat  Transmission  of  Building  Materials,  by  A.  C.  Willard 
and  L.  C.  Lichty.     1917.     Twenty-five  cents. 

^Bulletin  No.  103.  An  Investigation  of  Twist  Drills,  by  B.  Benedict  and  W.  P.  Lukens.  1917. 
Sixty  cents. 

*Bulletin  No.  104-  Tests  to  Determine  the  Rigidity  of  Riveted  Joints  of  Steel  Structures,  by 
W    M.  Wilson  and  H.  F.  Moore.     1917.     Twenty-five  cents. 

Circular  No.  6.     The  Storage  of  Bituminous  Coal,  by  H.  H.  Stoak.     1918.     Forty  cents. 

Circular  No.  7.     Fuel  Economy  in  the  Operation  of  Hand  Fired  Power  Plants.     1918.     Twenty 
cents. 

^Bulletin  No.  105.  Hydraulic  Experiments  with  Valves,  Orifices,  Hose,  Nozzles,  and  Orifice 
Buckets,  by  Arthur  N.  Talbot,  Fred  B  Seely,  Virgil  R.  Fleming,  and  Melvin  L.  Enger.  1918.  Thirty 
five  cents. 

^Bulletin  No.  106.  Test  of  a  Flat  Slab  Floor  of  the  Western  Newspaper  Union  Building,  by 
Arthur  N.  Talbot  and  Harrison  F.  Gonnerman.     1918.     Twenty  cents. 

Circular  No.  8.     The  Economical  Use  of  Coal  in  Railway  Locomotives.     1918.     Twenty  cents 

*Bullelin  No.  107.  Analysis  and  Tests  of  Rigidly  Connected  Reinforced  Concrete  Frames,  by 
Mikishi  Abe.      1918.     Fifty  cents. 

*Bulletin  No.  108.  Analysis  of  Statically  Indeterminate  Structures  by  the  Slope  Deflection 
Method,  by  W.  M.  Wilson,  F.  E.  Richart,  and  Camillo  Weiss.     1918.     One  dollar. 

*Bulletin  No.  109.  The  Orifice  as  a  Means  of  Measuring  Flow  of  Water  through  a  Pipe,  by 
R.  E.  Davis  and  H.  H.  Jordan.     1918.     Twenty-five  cents. 


*A  limited  number  of  copiee  of  bulletins  starred  are  available  for  free  distribution. 
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